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ABSTRACT

Reactor physics properties of a series of Be0-***U assemblies were measured as part of a
programme of development of a high temperature gas cooled reactor. Five such assémblies with
moderator to fuel ratios ranging between 737 and 6539 to unity. were placed between the core tanks
of the Argonaut type reactor MOATA. Each assembly occupied a volume of one cubic foot and was
subcritical in isolation; inserted into MOATA the assemblies formed a two-region critical system.

The report gives complete details of mechanical arrangements for the assembly components
and for methods of emplacement in the reactor; it also discusses the limitations inherent in the
availability of materials and the restricted volume for assembly location. Details are given of
methods used for approach-to-critical and for calibration of control absorbers on each assembly.

Both theory and practical aspects of measurements made are covered in the text. Reference
is made to differential neutron spectra by time-of-flight and chopper techniques, epithermal neutron
spectra by activation of integral detectors, fission rate ratios by use of gas flow chambers, and
reactivity measurements by long period sample oscillation. The methods employed are critically
examined, and difficulties and disadvantages stated; in some cases alternative methods are compared.

An account is given of theoretical calculations complementing the measured values. The
limited volume available prevented asymptotic spectra being attained, and the geometrical complexity
led to serious difficulties in setting up the calculational model. The possibility of using discrep-
ancies between experiment and calculation as a means of improving basic nuclear data and calcula-
tional methods was impaired by the compromises necessitated by the modelling difficulties. Never-
theless it is shown that experimental values could be reconciled with those calculated with the aid
of some empirical adjustment, thus demonstrating internal consistency.

The work served to highlight the known need for simple geometry for the study of such
assemblies, and provided valuable experience in evaluation of experimental and data analysis tech-
niques.
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1. INTRODUCTION

An account is given of reactor physics measurements made on assemblies of beryllium
oxide with enriched uranium placed in the internal reflector of the Argonaut type reactor MOATA
(Marks 1962). Each assembly consisted of a one-foot cube of BeO with added metal foils of
highly enriched uranium.

The interest in beryllium oxide as a moderator arose from the A.A.E.C.’s feasibility
study on a high temperature gas-cooled reactor which included a programme of measurements
on BeO-moderated assemblies. together with a parallel development of calculational methods
and associated library of basic nuclear data.

The measurements provided experimental check-points for comparison with calculations,
but were far from being ideal, ‘clean’, measurements owing to lack of availability of materials
and facilities. It was expected that subcritical assemblies with suitable materials ratios would
provide neutron energy spectra of varying degrees of hardness. If they were large enough, the
central spectra might be asymptotic and characteristic of a critical assembly of similar composition.
Even if asymptotic spectra were not obtained. it was considered that the calculational methods
would allow prediction of the actual measured properties. and thus enable necessary adjustments
to be made to data and methods.

An initial series of conventional exponential experiments (Duerden et al. 1964) gave flux
distribution and integral spectrum data. These exponentials could not provide flux levels high
enough to enable measurement of further parameters such as differential spectra or reactivity
effects of perturhations by various materials. To fill this gap further series of assemblies were
studied as part of a critical system by inserting them into the internal reflector of MOATA. They
were of necessity smaller than the exponential experiments, solely because of the limited volume
available in the reactor.

This report gives comprehensive details of the assemblies studied in the latter part of
the experimental programme, the methods used to obtain experimental parameters, and the results
obtained. An account is given of calculations in support of the measurements, and comparisons
between experiment and theory. Finally it is shown that although the complex geometry of the
assembly necessitated some empirical adjustments in the calculations, there was a reasonable
measure of agreement of general validity. between measurement and calculations.

2, ASSEMBLY DETAILS

Each of the five assemblies was built in an aluminium experiment container using BeO
blocks.?**U foils, and aluminium sheets which are described in more detail below.

2.1 Experiment Container

The experiment container (Figure 1) was a cubical box, twelve inches on edge internally,
constructed of gquarter-inch aluminium plate, with a removable lid of similar material. Lifting lugs
were provided. Two opposite side faces had holes into which could be fitted either blanking discs.
a thin aluminium window. a one-inch internal diameter tube extending across the box, or a two-inch
internal diameter tube.

These alternative arrangements provided for four types of loading. each utilised for
particular measurements on the BeO-***U assemblies placed in the box. The alternatives were:

(a) Full box, which was artanged to exclude, as far as possible, all voids and
extraneous materials and to include a full cubic foot of BeQ-**°U.

{b) Chopper channel, in which an access hole 6 inches long, 1 inch high and 1.140
inches wide. was provided between one face of the box and the centre of the
assembly.

(c) 2-inch through tube, and

(d) 1-inch through tube, in both cases arranged to extend from one face to the opposite face.
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The assembly materials were placed around the tubes with & minimum practical void
volume. These tubes enabled reactivity samples and integral detectors to be placed within
the assembly and be conveniently removed through the reactor shielding.

The mass of aluminium in each of the box components is listed in Table 1.

TABLE 1

ALUMINIUM EXPERIMENT CONTAINER--COMPONENT WEIGHTS

Component Weight (grams)
Box plus lid 9497
Blanking plate 44
Aluminium window assembly 33
2-inch tube (within box) 211
1-inch tube (within box) 116

2.2 BeO Blocks

The beryllia was in blocks or tiles from two different sources. The 6 x 6 x 1 inch tiles,
density 2.86 g cm™> | were originally supplied by Brush Beryliium Company. while smaller blocks,
as detailed below, were fabricated by the A.A.E.C. Materials Divisi g and had a density of about
2.90 g em~?, These blocks were supplied from hot pressed UOX an,g?NGK BeO powders, annealed
at 1150°C, machined, and finally re-annealed at 800°C. Figure 2 shows details of the various BeO
blocks and Figure 1 also shows how they were built up into the one-foot cube for the full box,
chopper channel. and two-inch tube cases. The one-inch tube arrangement was similar to that for
the two-inch tube. except that Type D blocks were substituted for Tyve B. and Type F blocks were
used on the central layer adjacent to the tube on both sides.

It was impracticable to assign fived locations to individual blocks throughout the series
of assemblies. Thus to calculate material ratios the mean densities of the two series of blocks
were used to calculate masses from theoretical volumes. These guantities ate given in Table 2,

Table 3 shows the combination of blocks used in each assembly, and gives total weights
of beryllia. From Assembly 3 onwards a consistent arrangement of blocks was employed: some
variations occurred before the most convenient pattern was found. Eleven one-inch layers of
beryllia were used in each assembly.

2.3 Uranium Foils

Enriched uranium foils, 2 ¥ 4 x 0.002 inches . from two separate sources were sed (93 per-
cent ***U of U.K. origin, and 9.8 percent ***U of U.S. origin). Assays are given in Table 4. No
cladding or eoating was used on the foils.

In Assembly 1, the foils were laid on each BeO layer with no method of adhesion or other
positive location. In all other assemblies the foils were Iocated on one-foot square, 1/16 inch
thick aluminium sheets, by using minimal spots of contact adhesive on two corners of each foil.

Each assembly had ten layers of foils and the numbers of fuils per layer and other details
are given in Table 5. In some assemblies. foils had to be omitted from the layers immediately above
and below the centre of the experiment container to make way for the two-inch and one-inch tubes;
the cortesponding values are given in Table 5.
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TABLE 2

BeOQ BLOCKS-VOLUMES AND WEIGHTS ( See Figure 2)

Block Orici Density Volume Weight Dimensions
Type rigin (g cm™) (cm®) () (inches)
A ALAE.C. 2.90 147.48 427.70 3x3x1
B AAE.C. 2.90 127.62 370.10 Notched — See Figure 2
C AAEC. 2.90 94.48 274.00 3x1 g—g xl1
D A.AE.C. 2.90 147.10 426.59 3 x 3 x 1 with rebate
E Brush 2.86 589.94 1687.22 bx6x1
F AAEC. | 290 23.81 60.06 | 3x1xiy
G AAE.C. 2.90 37.36 108.35 2x1.14x1
TABLE 3
USE OF BeO BLOCKS
. of Blocks of
Nos. of Blocks of Types Total
Assembly | Arrangement A B C D E F G Weight
427.70g  370.19g 274.00g 426.59g 1687.22g 69.06g 108.35g g
1 Full box - - - - 44 - - 74238
Chopper Channel| 16 - 8 - 40 8 3 77402
| 2 inch Tube 24 16 8 - 32 - - 72369
2 Full box - - - - 44 - - 74238
Chopper Channel 8 - 8 - 40 8 3 73980
2 inch Tube 24 16 8 - 32 - 72369
3 Full box 8 - 8 - 40 8 6 74305
Chopper Channel 8 - 8 - 40 8 3 73980
2 inch Tube 24 16 8 - 32 - - 72369
1 inch Tube 24 - 8 16 32 8 - 73826
4 Full box 8 - 8 - 40 8 6 74305
Chopper Channel 8 - 8 - 40 8 3 73980
2 inch Tube 24 16 8 - 32 - - 72369
1 inch Tube 24 - 8 16 32 8 - 73826
5 Full box 8 - 8 - 40 8 6 74305
Chopper Channel 8 - 8 - 40 8 3 73980
2 inch Tube 24 16 8 - 32 - - 72369
1 inch Tube 24 - 8 16 32 8 - 73826
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TABLE 4

ASSAY OF URANIUM FOILS

(Values are quoted in atom-percent)

Isotope | UK. Batch FF8 U.S.A. Batch FF23
2347 1.279 . 1.049
226]] 92.72 89.76 ]
23] 0.254 3.01
238]] 5.75 i 6.19
TABLE 5
URANIUM FOILS
A b A ¢ No. of Foils per Layer Totals
Ssembly rrangemen Central Layers | Other Layers | No. of Foils 235J Mass{g)
1 Full box 2 2 20 97.01
Chopper Channel 2 2 20 97.01
2 inch Tube 2 2 20 97.01
2 Full box 3 3 30  145.37
Chopper Channel 3 3 30 145.37
2 inch Tube 2 3 28 135.47
3 Full box 6 6 60 290.56
Chopper Channel 6 6 60 290.56
2 inch Tube 4 6 56 271.70
1 inch Tube 4 6 % 271.70
4 Full box 12 12 120 - 565.43
Chopper Channel 12 12 120 565.43
2 inch Tube 6 12 108 . | -509.26
1 inch Tube 6 12 108 [ 509.26
5% | Full box 18 18 180 .| - 859.94
Chopper Channel - 18 18 180 1 859.94
2 inch Tube 12 18 168 S| 804,30
1 inch Tube 12 18 168 - 804.30

* Note that Assemblles.1 to 4 inclusive used only foils of Batch FF23, 89.8 percent ***U.,
In Assembly 5, foils of Baich FF8, 93 percent U were used in the two lowest and two
topmost layers, Batch FF23 foils ocoapying the central six layers. Masses involved were
respectively 351.17 g »**U (FF8) and 508.77 g »**U (FF23).



2.4 Materials Ratios

It is clear from the above details that there was a certain non-uniformity of distribution of”
material in the assemblies. In particular, the tube arrangements necessitated the use of small
additional amounts of aluminium sheet to allow the shaped BeO blocks to fit around the tubes
(see Table 6). Appendix 1 gives complete details of the composition of each arrangement.

TABLE 6
ALUMINIUM USED IN ASSEMBLIES

Assembly { Arrangement Aluminium Components Total Mass
1/16 inch Sheets* Shims Tube (2)
1 Full box - - - 0
Chopper Channel - 95¢g - 9.5
2 inch Tube 8 430.2 g 211 ¢ 3826.9
2 Full box 13 - - 5176.7
Chopper Channel 12 9.5¢g - 4788.0
2 inch Tube 12 + 1434 ¢ 211 ¢ 5021.5
3 Full box 12 - — 4778.5
Chopper Channel 12 95¢g —_ 4788.0
2 inch Tube 12 + 143.4 ¢ 211 g 5021.5
'1 inch Tube 12 + 1434 ¢ 116 g 4926.5
4 Full box 12 - - 4778.5
Chopper Channel 12 95¢g - 4788.0
2 inch Tube 12 + 143.4 g 21l ¢ 5021.5
1 inch Tube 12 + 143.4 ¢ 116 g 4926.5
5 Full box 12 - - 4778.5
Chopper Channel 12 95¢g - 4788.0
2 inch Tube 12 + 143.4 ¢ 211 g 5021.5
1 inch Tube 12 + 143.4 ¢ 116 g 4926.5

* Each 1/16 inch sheet, 12 inches square, weighed 398.21 ¢

+ Reduced by 111.4 g for each of two central layers, where two 4% inch wide

sheets were used to clear the tube

From this information atom ratios of BeQ : Al :

was carried out for the complete contents of the experiment container for each arrangement, disregarding
only the walls of the container itself. In addition, values were derived for an ‘ideal-cell’.

#%U were computed. Such ratios, however,
clearly depend on the volume over which the materials were homogenised. At first, the calculation

cell was considered to consist of the BeQ and Al sheet associated with one uranium foil in each
assembly. Thus the quantities of BeQ and Al in one layer were divided by the number of foils per

This ideal

layer, to arrive at the quantities in the ideal cell. The foil weight used was averaged over the fotal
weight of ***U used in the full box arrangement for the particular assembly. Atom densities were found
from the volume of the layer associated with each foil.

Table 7 gives the overall values, and Table 8 glvés the ideal cell values. It must be emphasised
that no unique atom ratio can be quoted for a given assembly, as the ratio varies with the particular
arrangement used.



2.5 Errors

Ratios given in Tables 7 and 8 are subject to some uncertainties, due to both the method of
calculating BeO masses and the precision with which Al and *°U quantities were known. These
uncertainties have not been studied comprehensively but from known tolerances for BeO dimensions
and other material values, the ratios could be in error by from one-half to one percent.

TABLE 7

MATERIALS AND MATERIAL RATIOS

Total Material Masses (g) Atom Ratios
Assembly Arrangement
BeO Al 250 BeO - Al i
1 Full box 74238 0 97.01 7191 0 : 1
Chopper Channel| 77402 10 97.01 7498 : 090 : 1
2 inch Tube 72369 3827 07.01 7010 : 344 1
2 Full box 74238 5177 145.37 4799 : 310 1
Chopper Channel| 73980 4788 145.37 4782 . 287 1
2 inch Tube 72369 5022 135.47 5020 : 323 1
3 Full box 74305 4779 290.56 2403 : 143 1
Chopper Channel] 73980 4788 290.56 2393 : 144 1
2 inch Tuabe 72369 5022 271.70 2503 : 161 1
1 inch Tuhe 73826 4927 271.70 2553 : 158 1
4 Full box 74305 4779 565.43 1235 : 74 1
Chopper Channel| 73980 4788 565.43 12290 : 74 1
2 inch Tube 72369 5022 509.26 - 1335 : 86 1
1 inch Tube 73826 4927 509.26 |- 1362 : 84 1
5 Full box 74305 4779 859.94 812 : 48 1
Chopper Channeli; 73980 4788 859.94 : 808 : 49 1
2 inch Tube 72369 | 5022 80430 |- 846 : 54 1
1 inch Tube 73826 4927 804.30 863 : 53 1

The atom ratios have been calculated using atomic weights of 25.0122 for BeO, 26.9815 for Al,
and 235.0439 for 29U,

3. REACTOR ARRANGEMENTS-

The central region of MOATA was modified to enable the one-foot cube experiment container
to be inserted into the volume between the two core tanks (see Figure 3). The graphite internal
reflector, which extends for 18 inches between the core tanks was modified so that a column of
graphite approximately 12} inches square in section, and 4 feet long, could be removed. A graphite
prism, about 18 inches high, then formed the suppost for the experiment container, and the latter, when
in position, was covered by a further 18 inches of graphite. This was provided with a number of remov-
able stringers, which gave access from the core top face down to the assembly box.

A hole of at least 2 inches square section was provided through the centre of the reactor (and
hence through the experiment container) parallel to the core tanks; access was available from both
north and south sides of the reactor. through the north and south irradiation cavities.

The south hole was used for differential spectrum measurements using the time-of-flight
spectrometer (Tattersall 1967a, 1967b) and the chopper rotor itself was installed on the inside of
the south cavity closure doot. All other measurements which required access to the centre of the
assembly box used the northern hole to insert fission counters, activation detectors, reactivity
oscillator, etc.. into assemblies.
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4. INITIAL L.OADING AND CRITICAL MASS

4.1 Loading and Approach-to-Critical

The experiment container, loaded with the appropriate amounts of BeO and ***U, was installed
in the graphite internal reflector of MOATA with graphite above, as described in Section 3. Owing to
some uncertainty about the possible critical mass of the complete system comprising reactor fuel and
experiment container, all reactor fuel was removed before installation of the experiment container in
some assemblies; in other cases, a proportion of the reactor fuel was allowed to remain in the core
tanks. As confidence was gained in the trend of critical mass with increased **U loadings in the
experiment container, it was found unnecessary to remove all reactor fuel before a loading change.

In addition to the installed reactor ionisation chambers, on the top face of the reflector graphite.
additional flux-measuring devices were used for the approach-to-critical. These were pulse fission
chambers or BE, proportional counters, with conventional 1430A Main and Head Amplifiers and A.A.E.C.
Type 2 Scalers. These additional counters were installed in reactor facilities IR-6, ER-5 and the
Vertical Cavity (see Figure 3). IR-6 is a 2-inch diameter hole in the graphite immediately above the
centre of the experiment container, and thus near the mid-point of the reactor and mid-way between the
two core tanks, ER-5 is a 2-inch diameter hole in the graphite adjacent to the southern end of the
west core tank. The Vertical Cavity lies above the graphite thermal column at the east end of the

reactor. and a hole in this cavity was utilised to place the counting tube immediately on top of the
thermal column.

The approach-to-critical, following loading of the experiment container, proceeded normally.

Owing to the particular geometry of MOATA, and the possible locations of counters, linearity
only appeared to exist when the reactor was very close to critical, (e.g. about 5.10~° $k/k). Never-
theless, safety reasons alone made it difficult to adopt a less protracted method of loading a new and
untried core configuration.

Each additional loading of reactor fue! was made as symmetrically as the allowable quantity
permitted. Thus equivalent fuel masses were loaded in similar locations in both core tanks whenever
possible. In all assemblies, full 12-plate fuel elements were used in core tank locations B,C,D,E,
H I J and K (Figure 3). In the remaining four cotner locations A, F, G and L, similar numbers of fuel
plates were used when the loading permitted.

4.2 Criticality

The final loading for criticality was arranged to make the reactor critical with as little control
absorber insertion as possible, that is, the reactor could be taken critical with both safety rods and
the shim-safety rod fully withdrawn, and the regulating rod withdrawn at least some part of its travel. -

The actual critical mass was then estimated from extrapolations of the final inverse count-rate

data for the case where all control rods were withdrawn. Table 9 shows critical masses obtained in
this way (marked ‘Subcritical’), and Figure 4 gives a typical extrapolation

TABLE 9
CRITICAL MASSES

Extrapolated Critical Mass (g 2**U total) | Mass of ***U
Assembly : in Core.. Tanks
Subcritical . Critical (grams)
1 3007 ~ 3010 3001 2904
2 3000 -~ 3005 3002 2857
3 2970 - 2972 2974 2683
4 3044 — 3052 3032 2467
5 3197 -- 3198 * 3187 2327

* Measured with IR -6 and ER-5 stringers removed. giving an estimated additional mass of 5 grams
**U. that is estimated critical mass compared with previous assemblies is 3102 — 3193 grams.
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Criticality having been attained, further reactor fuel was required to give some operational
flexibility. For example, insertion of experimental equipment in the reactor, or removal of graphite
for access to the experiment container, caused loss of reactivity, and more fuel was necessary to
compensate. Fuel was added in small increments of one-half or one full-load plate at a time. In
each case, the (excess) reactivity of the reactor was determined by period measurements, and a
series of values found relating fuel loading to reactivity. These values were then extrapolated
back to obtain a zero-reactivity fuel loading, corresponding to the critical mass (marked ‘Critical’
in Table 9).

Period (or doubling-time) measurements were converted to reactivity values by using an
inhour curve calculated for 2**U delayed neutron groups only. Some contribution from beryllium
photoneutrons, resulting from fission product gamma-interactions from previously-irradiated uranium
foils existed but the effect has been shown to be small (W.]. Turner, AAEC private communication,
has found photoneutron fractions to be less than 1 percent of delayed neutron fraction with a beryllia
block only in position) and in any case uncertain. No account was taken of it in the present work.

Figure 5 shows the trend of critical mass with assembly composition. Details of control rod
calibrations follow.

5. CONTROL ABSORBER CALIBRATIONS

Information on control absorber worth for each reactor configuration was required both for
safety reasons and for calibration of other measurements in each assembly.

5.1 Differential Worth Measurements

The process of loading fuel in the approach-to-critical gave rise to measurements of shim-
safety and regulating rod reactivity worth in terms of equivalent fissile mass. After criticality had
been attained, the incremental reactivity worth of the safety and regulating rods as a function of
position was measured.

5.1.1 Shim rod

The worth of appropriate movements of the shim rod was measured using the period technique.
In most cases, the period produced was confined to a range long enough for accuracy, yet short enough
to avoid reactor drifts, that is, between about 30 and 180 seconds. During every measurement a record
of core temperature was kept using a platinum resistance thermometer — potentiometric recorder com-
bination with expanded scale. The thermometer itself was immediately beneath the core tanks, in the
six-inch entry line for the primary water. The reactor doubling-time was measured in each case.

The raw doubling-time data were examined for existence of an asymptotic value and a mean
value was found and converted into period and thence reactivity. The conversion into reactivity was
made using the tables given by Keepin (1965) for the case of ***U. As mentioned in Section 4, no
account was taken of delayed neutron groups associated with fission-product photon reactions with

beryllium. Critical settings were however, established at flux levels significantly above the photo-
neutron source level,

These reactivity values were then taken in conjunction with the rod movement concerned, to
produce a value of rod sensitivity for the mean position of the rod during the measurement. The collec-
tion of sensitivities found in this way for all reactor conditions for each assembly was then plotted,
and a subjective assessment made of the consistency of the results. A typical plot of sensitivity is
shown in Figure 6. Points showing gross departure from the general trend were omitted for numerical
integration of the curve using essentially the trapezoidal rule for unequal abscissa differences. A
curve of integral rod worth resulted. The integral curve was then used to find a smoothed sensitivity
value for the next step, which involved the use of subcritical multiplication methods to extend the
integral and sensitivity curves to the lower parts of the rod travel.

Both the fuel loading and the reactivity of the entire reactor varied during work on each assembly.
Fuel was added initially to provide a working margin, and then as various experiments were loaded and
unloaded. Thus the critical setting of the shim rod, in particular, varied in most cases over a large
fraction of its span ot 0 to 300°. This enabled period measurements to be performed over a wide range
of mean shim rod settings for each assembly.
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In the suncritical multiplication method. a rod sensitivity measured by the period technique
was used to calibrate a small movement of the rod below critical, it being assumed that the sensi-
tivity was not markedly different immediately above and below a critical setting. A number of flux-
measuring channels were then set up, and the count-rates noted for the just-subcritical condition.
Use of the expression

count-rate = A/(1 — ko) = A/Ak,

where A is a constant, and 1 — k, the reactivity below critical, enabled the constant A to be evaluated
for each channel. The rod was then inserted further, and the new count rate noted when it became
steady. The above expression was then used for calculation of appropriate values of 1 — k4, or Ak,
and so on. Subcritical sensitivities found in this way were combined with period-derived data to extend
the integral-worth curve down to 0°.

‘The above methods, though applicable to both shim and regulating rods, were mainly used for
the shim rod. Figure 7 shows the integral worth curves obtained for assemblies 1 to 5.

5.1.2 Regulating rod

Use of the above methods to determine integral worth of the regulating rod was hampered by
its small worth (10™° 8k/&). .To find sensitivity values closely spaced along the range of the rod,
lengthy reactor periods would have to be produced, leading to problems with reactor drift, in addition
to the time needed to conduct the measurement. In one case (assembly 3) the period technique was
used, in another (assembly 2) the oscillator method. In the latter the flux modulation amplitude result-
ing from small amplitude sinusoidal oscillations of the rod was measured at various points in its range.
The reactor was assumed to be a linear system and the zero power transfer function applicable. The
values of flux amplitude, recorded simultaneously with those of rod amplitude, then gave relative
sensitivities enabling a curve to be drawn which provided the correct shape for integral worth as a

function of rod position. The curve was normalised by a period measurement of total rod worth (from
0° to 300°).

Practical problems associated with this technique arose from the compromise between measur-
able flux amplitudes, and attainable rod amplitudes, bearing in mind limitations on speed of rod move-
ment. This led to some difficulty in accurately measuring flux amplitudes for positions near the ends
of the rod travel.

When the rod oscillator method was used, the reactor automatic power controller was modified
to produce the sinusoidal rod motion. The modification involved replacement of the normal power error
signal by a regular locally generated sine wave signal. Rod amplitude was measured on a chart recorder
connected to the rod position feedback potentiometer, while the flux amplitude was estimated manually
from a noisy signal on the expanded scale linear power recorder attached to the Keithley 411 micro-
microammeter. Results of this measurement, in integral form, are given in F igure 8.

A variation of the rod oscillator method was tested on assembly 2. The Pace 231R analogue
computer was linked by telephone lines to MOATA, and used to produce the low-frequency (0.05 Hz)
sine-wave driving the regulating rod. The flux signal was then returned via the telephone lines to
the computer. where a correlation method was used to integrate the flux and improve the signal-to-noise
ratio. This set of measurements was not wholly successful, probably as a result of noise pick-up
along unshielded lines. The method could be improved by attention to this problem,

5.2 Total Worth Measurements

The total worth of shim and regulating rods above were obtained frum the differential worths
by integrating sensitivity values. Total worths for the two safety rods were also measured by sub-
critical multiplication (Section 5.1) and on one occasion (assembly 5) by integral counting.

Flux-measuring detectors used for subcritical multiplication wete located in the IR-6, ER-5,
and vertical cavity facilities. Results from each detector channel were sften somewhat dissimilar,
presumably because of variations in neutron spatial behaviour away from critical. Since total worth
figures for safety rods are required mainly for safety reasons. high accuracy is:not normally required.
and in this case a simple mean was taken between the three values measured on each occasion.
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The integral counting method involves recording the steady count-rate on a flux-measuring
channel with the reactor critical and at a level power, followed by accumulation of counts on the
same channe! after the rapid insertion of the rod concerned. The theory of the method (Hogan 1960,
Keepin 1965) involves delayed neutron fractions and effectiveness. Thus the results obtained are
influenced by any delayed photoneutron contribution which may be present. Counting was continued
until the residual count-rate was small, after which an estimate of the residual period was made
using the linear power recorder trace, The estimate enabled a correction to be made for the ‘counts
to infinity’. Again delayed photoneutrons were ignored in analysing the results.

The expression used for reactivity by the integral count technique is

- p = (NO)/n(0)) ¥ (Bi/N) (units of 3k/k),
where N(0) = count-rate at initial power level
n(0) = f N(t)dt = integrated counts from the time of absorbe;gpsertionn

0

n(0) may be corrected from observed total counts n(t), residual count-rate n(t) and period 7 as n(0) =
n(t) + 7N(t) , where it is desirable that 7N(t) << n(t).

The value used for iE(ﬁi /Ad) for 2°U was 0.0847.
Table 10 summarises total rod worths for the five reactor configurations.

TABLE 10

TOTAL ROD WORTHS

(Values in 10~? Sk/k)

Assembly Shim Regulating Safety Rod Safety Rod
No. Rod. Rod No. 1 No. 2
1 0.465 0.110 0.354 ©0.586
2 0.470 0.112 0.318, 0.351* | 0.409, 0.491*
. 3 . 0.449 0.090 0.335 0.362
4 0.408 0.082 0.238 0.254
5 0.384 0.078 0.302 * 0.376 *

# No graphite in north cavity

* Integral counts method

Although the absorbers on both safety rods and on the shim rod are physically similar,
Table 10 shows differences in total worths on any one reactor configuration. A lack of symmetry
in the flux shape across the core is the cause of these differences (Wall, private communication
1969). Since $k/k ~ ¢, _ , the results suggest that ¢, ., varies from one rod position to another.
Asymmetry in fuel loading and in leakage are causes of these variations.

A further feature is a general decrease in total worths relative to assemblies themselves
containing greater fuel loadings, an effect which may be qualitatively explained in terms of decreased
reactor fuel loading. Elements A, F, G and L, which are near the control absorbers, suffer the reduc-
tion in loading when more fuel goes to the assembly and less to the core tanks.
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5.3 Temperature Coefficient of Reactivity

In most measurements described ahove, there was little dependence on temperature effects.
provided that temperature changed by less than about one degree Fahrenheit during 2 measurement.
However, this was not so for reactivity values used to extrapolate back for critical mass (see
Section 4.2). In the latter case, the reactor was very close to critical, and temperature changes
of the order of one degree Fahrenheit gave reactivity effects comparable to the reactivity of the
reactor. Thus variations of temperatures during the loading above critical gave rise to some
uncertainty in reactivity/fuel mass valyes.

Only for assembly 4 was a formal measurement of temperature coefficient made. In this
case, the reactor was maintained at a steady power using only the shim rod, while moderator temp-
erature varied steadily because of heat input from the circulating pump. Temperatures were recorded
on the under-core resistance thermometer, mentioned in Section 5.1, The critical shim rod settings
were then converted into reactivity changes. using the measured shim rod sensitivity data, and a
least squares linear fit made to the reactivity-temperature data. This gave the result 2 o/9T -
-1.74 x 10° $k/k per degree F.

For the other assemblies, the collected data on critical shim rod settings and temperatures were
examined, and comparable sets of readings used to calculate a temparature coefficient. These
results were not very useful, ranging on each essembly from values of ~107* up to +5x107°. The
lack of any consistent trend suggests that temperatures recorded were not representative of the
core state at that time, whereas rod settings are immediately responsive to any change in conditions.
For the critical mass extrapolation mentioned above, an absolute value of temperature coefficient is
not in fact necessary.

6. DIFFERENTIAL NEUTRON SPECTRA

Methods of extracting a neutron beam from the assembly centre have been covered in Section
2 and 3 above. In addition work done with the time-of-flight spectrometer has been fully reported by
Tattersall (1967b). For completeness, equipment parameters and results are summarised here.

6.1 Spectrometer Parameters

All measurements on beams from assemblies 1 to § used a stainless steel chopper rotor,
For assemblies. 1, 2and 3 a single speed of 1800 rev min' was vsed. while on assemblies 4 and
5 speeds of both 1800 and 7200 rev min'were used. The higher speed became passible through
the use on assemblies 4 and 5 of a lithium glass scintillator detector, with usable efficiency at the
higher neutron energies resolvable at this speed. Assemblies 1. 2 and 3 were examined with a bank
of boron trifluoride proportional counters. The latter limited the useful energy range of the spectrometer
to 0.01 to 10 eV. while with the lithium glass scintillator. a range of 0.0} to 150 eV was possible,

Other aspects of the spectrometer arrangements depended on the type of detector used,

Since the BF; counters were relatively insensitive to gamma rays, and had low efficiency for neatron
detection, collimation and background shielding were designed with emphasis on reduction of neutron
background. Zero flight time was obtained in this case from the gamma-ray response of a sadinm-
iodide scintillator placed behind the BF, counters. On the other hand, the lithium glass scitillator.
as well as being very efficient for neutron detection. was sensitive to gamma-rays. Thus -:llimation
and background shielding for this detector were oriented towards gamma-rays rather than neutrons.
The gamma-ray response of the detector itself was used for setting zero flight time,

Flight path from assembly centre to'chopper rotor was about 1.5 metres. while that from rotor
to detector was about 7.5 metres. The beam path is shown in Figure v,

Detector signals were received by a 512 channel time analyser with channel widths of 32 and
8 microseconds being used for speeds of 1800 and 7200 rev min~! respectively,
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6.2 HResults

Each spectrometer run lasted for about three hours (three hours for each speed if two were
used) at a source flux of about 10° n cm ?sec™ (Westcott subcadmium flux ). Flux was restricted to
this level to minimise a build-up of activity in the assembly fuel. Since the fuel loading for different
assemblies could only be altered by hand. fission product radiation levels had to be kept low. A flux
of 10° nem™? sec” ! was a compromise between activity build-up and attainable statistical accuracy

in counting neutrons with the spectrometer,

The time analysis system used could have arcepted a higher source flux level. since the
combination of low source flux. chopper speed, and flight-path geometry led to a neutron reception
rate at the detector of much less than one per burst; only about one neutron per four bursts was
actually received.

To obtain uniform statistical accuracy. counts in analyser channels were grouped together.
The criterion for grouping was to produce a 5 percent statistical accuracy where lithium glass was
the detector, but the lower count rate from the BF; counters reduced the accuracy in that case to
15 percent.

Several corrections to the raw data were required before a spectrum could be produced. These
corrections included:

(i) dead time (errors small)
(ii) background
(i1i) air attenuation

(iv) slit transmission

(v) counter efficiency

(vi) air source.

These corrections are dealt with in full by Tattersall (1967a and b) and by Dalton (1969). and will not
be further discussed here.

The corrected experimental spectra for assemblies 1 to 5 are shown in Figures 10 to 14
respectively. Also shown on these Figures are epithermal spectra measured with activation detectors
(Section 7) and calculated spectra (Section 10). The experimental spectra clearly demonstrate the
presence of a Maxwellian peak. faollowed by an epithermal region which ot least approximates to a
1/E law for the more dilute assemblies. As # higher proportion of fuel is added, the Maxwellian
peak moves to higher energy and also becomes lower ig magnitude relative to the epithermal compon-
ent. The position of the peak on an energy scale moves from 0.061 eV (BeO : ***U ratio of 6545 - 1)
to 0.087 eV (ratio 740 : 1); thus even the most dilute assembly has a Maxwellian with the peak energy
exceeding 0.025 eV the peak of the thermalised Maxwellian spectrum.

7. EPITHERMAL NEUTRON SPECTRA

Resolution of the time-of - flight spectrometer deteriorates in the epithermal region. Additional
measurements of spectra in this region were made by a method utilising the activity of thick and thin
tesopance detectors and their measured cadmium ratio. Connolly et al. (1968) reported this work in
more detail and pointed out that their method is independent of assumptions about spectrum shape
and of indication of a spectrum parameter (for example, the Westcott method). Flux values at discrete
energies are derived in the analysis, and the method gives epithermal differential spectra from irradia-
tions of integral detectors.

The flux per unit energy ¢: at a resonance energy E. is given (Connolly et al. 1968) by
5 @0/Ten)a Lop {(Go=T)/0 =T}~ ab (G- T)/(1 ~ T}
[T oey/2]p (£(8,7) = €78, 77)]p
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where o,p = 2200 m/sec activation cross section of a detector

o.a = 2200 m/sec activation cross section of a gold detector

=g
e
n

subcadmium saturation activity of a thin gold detector

0p = (R—1)" for a detector

Gp = subcadmium flux perturbation due to the detector
T = cadmium cover transmission correction
[" = total width of the principal resonance of the detector

oy = peak activation cross section of the principal resonance

f(8, ) = resonance self-shielding factor
and the asterisks denote quantities relating to thick foils.

Accurate determination of the cadmium-ratio dependent quantity o is necessary, since the
above equation shows that ¢ depends on the difference between o and a¢*. It can be shown that the
ratio k = o/a* is a true measure of epithermal reaction rate ratios for a thin and thick foil if G = G*
If the latter is not the case, an apparent ratio k' is obtained, and we find

d_“ﬁw_;(k) dB:(k)dk.

@ k-1 B k-1 k'
Gp— T
h ( D )
whete B 12T

Values of k between 1.1 and 2.5 were obtained for the pairs of detectors used in this work; higher
values of k usually involve self-shielding of more than one resonance.

Materials from which thin and thick foils were made were 'Rh, **In. '*’Au, **W, °Co and
*Mn. Each foil was ¥ inch in diameter backed by a } inch diemeter 0.001 inch thick, aluminium
disc. Foils were irradiated either in aluminium boxes or cadmium boxes of wail thickness 0.015 inch.
Foil thicknesses used, in terms of surface density, are shown in Table 11.

Both a detector foil and a monitor foil were irradiated together in a 1 inch diameter graphite
‘rabbit” and analysed alternately with a 47 sodium iodide detector. thereby eliminating problems of
amplifier gain drift, reactor power variation, and time measurement. Foils were located by BeO

spacers in the rabbit (Figure 15) and inserted into the one-inch diameter tube arrangement (Section
2.1).

Flux values for assemblies 3, 4 and S are given in Table 12, and plotted in Figures 12, 13
and 14.

The results for epithermal fluxes in these assemblies are noteworthy initially in respect of
the 1/E dependence visible for assembly 3. in which the BeO : **U ratio is 2250 : 1. but absent
in assemblies 4 (1120 : 1) and 5 (740 : 1). It may be concluded that moderator to fuel ratios of the
order of 2000 : 1 or greater are required in BeO : ***U systems for 1,/E dependence of the epithermal
flux. This also implies that systems in excess of the 2000 : 1 ratio are sufficiently dilute for absorp-
tion in the epithermal region to be neglected compared with scattering, (2,<<Z2,) in considering the
slowing-down process.

‘8. FISSION RATE RATIOS

*A third method of spectrum measurement was used on assemblies 2 to 5 inclusive, by record-
ing count-rates of pulse ion chambers containing foils of various fissile materials. The gas-flow ion
chambers used had parallel-plane geometry.
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8.1 Fission Chambers

The fission chamber design provides 2w collection geometry for fission-fragment-produced
ionisation, and accurate location of the fissile coated foils.

The foils were one-inch diameter, 0.010 inch thick, platinum discs, on which deposits of
the oxides of uranium, or of plutonium, were electroplated; the deposited material occupied an area
with diameter of half-an-inch.

The compositions of the foils, as given in assays provided by the material supplier, are
shown in Table 13. Foils were housed in an aluminium chamber assembly (Figure 16). The chamber
body had two long aluminium tubes attached, forming inlet and outlet lines for the filling gas; a
coaxial cable ran down the centre of one of the tubes, passing through an epoxy resin seal to the
high-voltage electrode. The latter was an aluminium disc set paraliel to the foil, and spaced a
quarter inch from it; the foil formed the grounded electrode. Signal and high voltage connection
was via a BNC connector mounted at the end of the gas lines.

To simplify filling a continuous flow of 90 percent argon/10 percent methane gas mixture
was used; the outlet line was connected to a glycerine filled wash-bottle (to remove any foil mat-

erial carried over by the gas), and the gas bottle reducer valve was adjusted to give a flow of about
one bubble per second visible in the wash-bottle.

TABLE 13
FOIL COMPOSITIONS

Foil 232U 233U 234U 235U 236U 233U 239Pu 240pu 241Pu 242Pu

#Y  10.8p.p.m.87.87% 0.83% 0.00% 0.03% 11.21%  — - - -

225y - —-  0.57% 95.27% - 4.16% - - - -
2y - - - 0.05% - 99.95% - - - -
Py _ - - - ~  99.83% 0.17% - -
wopy _ _ - -

- 23.82% 74.01% 2.06% 0.11%

8.2 Mass Determination

In principle the fission chambers could have been used for absolute measurements, since -
they presented known good geometry. However determination of mass of the coatings was only
possible for the ***U foil; that of other foils had to be inferred indirectly. Actual weighing was not

satisfactory, since various materials other than the fissile material were present in uncertain propor-
tions.

The mass of the ***U foil was determined by alpha counting in good 27 geometry conditions,
using a solid state detector. Only small corrections were necessary for self-absorption and back-
scattering for the thin (20 ug cm ~2) foil under these conditions.

Knowing the isotopic composition and the respective alpha-decay rates, the measured dis-

integration rate enabled the quantity of material present to be calculated. This calculation is
summarised in Appendix 2.

_ A calibration of all chambers in a known thermal spectrum would enable masses of other
foils to be inferred by using the measured ***U foil value. It was found, however, that results in the

form of count-rate ratios were adequate for comparison with theoty, and no use was made of foil
weights as such.
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8.3 Theory of Measurement Technique
The following treatment was developed for the case where a series of fission chambers is
used to record count rates in a known thermal spectrum and in the assembly spectrum. The proportion

of thermally fissile and other nuclides present is shown in Table 13.
Let a foil of total mass M; contain partial isotopic masses m; . The effective fission cross

section of nuclide i in the assembly spectrum ¢ is then &; and in a thermal spectrum ¢, is 5,
@

Then the fission reaction rate for a foil of mass M; and containing nuclides i is given by

R] = 2 ri = Nu [ 2 (n'll/Al)’C‘J\i ] C.b
and R, = 2;- Ly = No [3 (mi/Ai)goi 1 &, (2)
where A; is atomic mass of element i.
Determination of a reaction rate for a particular nuclide requires that sufficient equations
(1) and (2) are available to allow other variables to be eliminated. The subscripts 3,5, 8, 9, 0, 1
are used to indicate respectively 2**U, #*°U, ***U, #*°Pu, **°Pu and **'Pu.
For a mass mg of 2*U '
rs = No (ma/'Aﬁ)as b (3)
fos = No (m5/A5)30‘5 o 4
and then the ratios as follows can be used:
rpo_om /A, % )]
ms/As 3—5
(6)

Ioi i
and z
ms/As &
A A
In a thermal spectrum, values of 0,; /0o, are known, and a measurement of toi /Tos enahles
the ratio mi/ms to be derived. Correspondingly, m;/ms being known, in a.specific spectrum 1;/r is

measured, and the ratio 5, /5, may be found

Thus, if relative values suffice, the ratio &; /&, can be found from measurements in the two
spectra. If absolute values are needed, then the mass my will have to be established from other types

of measurement. as mentioned in section 8.2 for mass ms.

8.4 Thermal Calibrations
A set of thermal calibrations was casried out in the HIFAR X-36 Low Flux Facility. The
spectrum in the latter was not accurately known and thus a second calibration fook place in MOATA.

using a graphite core with arrangements for central location of the chambers.
The Westcott parameters of the neutron energy spectrum at the core centre were well known,

having been carefully measured by Connolly, Rose and Wall (1963) to be r =0.0389, and T =45°C.

The ratios &; /7% s were derived using the GYMEA code, which weighted individual group

cross sections with group fluxes based on a Westcott spectrum with r - 0.0389, and T = 45°C
5 Bon 2
A0 = 0.9835 ;220 - 15648 ; = = 1.9963 : )
Tos Y05

0—05
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The assay values of significance to thermal calibrations were taken from Table 13 and
quantities to be used with equation (6) can then be summarised as in Table 14.

Foil mass ratios ate obtained from the foil count rates and are given in Table 15,

TABLE 14

DETERMINATION OF MASS RATIOS FROM THERMAL NEUTRON CALIBRATION

Foil | Nuclide As Soi _m; Partial mass ratio from 10:/ 105 m; ) (M”-"U
01 i A; 6o s Meoin _ m; /mg ms | \Msonr )
33y =y 1.0086 ; 0.9835 | 0.8787 | 0.9938 ms/ms = 0.9166 (M2sa;, /M23sy) 0.9223

23 »sy 1.0000 ! 1.0000 | 0.9527 | 1.0000

35U 25U 1.0000 ¢ 1.0000 | 0.0005 | 0.000525 (Massy /Mz3sy) 0.000525

*Pu | *‘Pa | 0.9833| 1.5648 | 0.9983 | 1.5387 mo /ms = 1.6124 (M2s2p,/M2ssy ) 1.0479

2Py Py | 0.9833 | 1.5648 | 0.2383 | 1.5387 m, /ms = 0.3847 (M24°;;u/M235U Y 0.2500
*Pu | 0.9751| 1.9963 | 0.0206 { 1.9466 m;/mgs = 0.0420 (M24op /Ma3s;;) 0,0216

z 1'0'1/’1'05 = (0.4267 (Mzdupu /MzasU)
9,1

where Mass;;, Moessy, Massy , M2sep , and M2eop, refer to the total masses of material on the
(nominally) **U, ***U, **U, »**Pu and **°Pu foils respectively.

TABLE 15

DETERMINATION OF FOIL MASS RATIOS

Chamber Foil Foil C(gu;tsm)g Rate Toi /Tos ME.'I; :0“
U foil
»5 2679.7 (1+ 0.001) 1.518 (1:0.002) 1.656 (1 0.002)
25y 1765.5 (1:0.001) 1.000 1.000
253 7.26 (110.005) 0.00411 (1 0.006) 7.829 (1+0.006)
*Py 2034.2 (1+£0.001) 1.152 (1+0.002) 0.714 (1+0.002)
24Py 1485.7 (1+0.001) 0.842 (1+0.002) | 1.973 (1+0.002)
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8.5 Measurements cn BeO--2*°U Assemblies

The fission chambers were used on Assemblies 2 to 5 inclusive. In each case the aluminium
experiment container holding the assembly was fitted with a two-inch internal diameter aluminium
tube. The chambers were inserted one at a time into this tube through the beam post in the north
cavity door, and reproducibly located in the centre of the experiment container by means of an
aluminium locating jig. The south end of the tube was closed by graphite stringers filling the
southern access hole through the graphite external reflector. Gas and electrical connections were
made to each counter at the end of the filling tubes, which protruded from the north cavity door

During measurements, reactor power was held constant by manual adjustment of the reg-
ulating rod. An expanded-scale recorder was used as the power indicator. Signals to the recorder
were derived from the servo-channel ion chamber, and amplified by a d.c. micromicroammeter,
Reactor powet was adjusted so that the current on this amplifier was set to 2x10~° amps for all
these measurements. A fixed backing-off potentiometer setting was used. Readings were only
taken when the recorder showed reactor power to be constant, and all readings were normalised
to correspond to recorder indication of 0.5 mV.

Conventional counting equipment was used (A.E.R E. type 1430A head and main amplifiers).
In some cases a Tennelec TC150 solid-state head amplifier modified for fission chambers was used
but some amplifier oscillations were experienced with it. They were caused by poor earth continuity
through epoxy resin joints on the gas tubes and chamber body and this fault, rather than the head
amplifier itself, may have caused the earlier problems. Main amplifier output was always monitored
by an oscilloscope, and pulse shaping set by amplifier integrating and differentiating time constants
of 0.32 usec.

For each fission chamber on each assembly, bias cutves were taken and a suitable working
point chosen before accumulating counts. In this case, counting was carried out as a function of
time, with constant reactor power and hence neutron flux being maintained as described above.

The neutron flux at the chamber location was somewhat dependent on shim-safety rod position.
As far as possible all measurements on any one assembly were carried out with shim rod position fixed.

Results are given in Table 16, and results as a ratio to the ***U chamber are given in Table 17.

TABLE 16

ASSEMBLY COUNT RATES WITH FLUX LEVEL ERRORS INCLUDED
(Counts per second) )

Chamber ) . Assembly ; <
22U 2169.7:1.0% | 2056.1:1.0% | 1845.9:1.0% | 1448.6:1.0%
#y 1371.9:1.0% | 1251.7¢1.0% | 1038.8:1.0% | 749.4:} f)%
25U 5.87:1.3% 5.96:1.3% 4.55+1.5% 3.48:1.5%
*3%Pu 1630.7+1.0% | 1671.0:1.0% | 1468.6+1.0% | 1174.9:1.0%
Py - 1189.6+1.0% - 869.1+1.0%
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TABLE 17

INTEGRAL FISSION RATIOS RELATIVE TO **U IN BeO- U ASSEMBLIES

Assembly

Chamber

2 3 4 5
i V| 1.582 + 1.4% 1.643 + 1.4% 1.777 + 1.4% 1.933 + 1.4%
28] 1.0 1.0 1.0 1.0
ey 0.00428 + 1.6% 0.00476 + 1.6% 0.00438 + 1.8% 0.00464 + 1.8%
9Py 1.189 + 1.4% 1.335 + 1.4% 1.414 + 1.4% 1.568 + 1.4%

- 0.950 + 1.4% - 1.160 + 1.4%

No dead-time corrections were made to the counting data. No significant dead-time effects
were evident at count rates up to 5500 per second.

It was assumed that spectra in these assemblies were soft. Consequently, negligible
fission rates were obtained in the non-thermally-fissile nuclides. Hence in analysing fission
tatios in these assemblies, only the thermally-fissile constituents of the chamber foils were
taken into account. A more elaborate analysis is possible in which all constituents are con-
sidered, but this was not done.

Thus the mass ratios (m;/ms) (M235y /Mioi1 ) given in Table 14 and mass tatios (Mou/M=sy)
given in Table 15 provide the following mass ratios for contained thermally-fissile nuclides:

TABLE 18

RELATIVE MASS RATIOS OF FOILS

Foil | Nuclide (;nm—s) ( xful ) iﬁi‘:;; - (ii) (ﬁ_)
=y ey 0.9223 1.656 1527 (1:0.002)  |1.540 (1:0 du2)
zaagy zsyy 0.000525 7.829 0.00411 (1:0.006) |0.00411 (130 056)
wpy | wpy 1.0479 0.714 0.748(1+0.002)  |0.736(1+0.002)
ope { | P 0.2500 1.973 0.493(1:0.002) |y 485(1:0.002)

’ { 2ipy 0.0216 1.973 0.0426(1:0.002) |0.415 (1:0.002)

Equation (5) and the values in Table 17 are now utilised to give the required quantities
o /o5 for each assembly.
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TABLE 19

INTEGRAL FISSION CROSS SECTION RATIOS FOR INDIVIDUAL ASSEMBLIES

Assembly | Foil Meagﬂ;ﬁﬁ‘f““ (/A /(me/As) 8 /55
2 233y 1.582(1+0.014) 1.540(1+0.002) 1.027(1+0.014)
28 0.00428(1+0.016) 0.00411(1:0.006) 1.041(1+0.017)
2Py 1.189¢1+0.014) 0.736(1+0.002 1.615(1+0.014)
3 23] 1.643(1+0.014) 1.540(1+0.002) 1.067(1+0.014)
28y &00476(110,016) 0.00411(1+0.006) 1.158(1+0.017)

**Pu 1.335(1:0.014) 0.736(1+0.002) 1.814(1:0.014)

*Pu 0.950(110.014) 0.485(1+0.002)

( #*°Pu content)

1.687(1+0.015)
(***Pu/***U ratio)

4 =y 1.777(1:0.014) 1.540(1+0.002) - 1.154(1+0.014)

2557 0.00438(1:0.018) 0.00411(1+0.006) 1.066(1+:0.019)

239py 1.414(1+0.014) 0.736(1:0.002) 1.921(1:0,014)

5 23y 1.933(1+0.014) 1.540 (110,,002) 1.255(1+0.014)

ey 0.00464(1+0.018) 0.00411 (1+0.006) 1.129 (1+0.019)

*Pu 1.568(1+0.014) 0.736 (1+0.002) 2.130(1+0.014)

240py 1.160 (1+0.014) 0.485 (1+0,002)

(**°Pu content)

3.059(1+0.015)
(***Pu/***U ratio)

A A
Values for the **°Pu chamber for Assemblies 3 and 5 have been treated as }f t}\xe g /o 5 ratio
were determined by the ***Pu measurement. The result is then a value of &,/&, as shown.

The result for the ***UU chamber is taken to be an indication that the nominal assay of
0.05 percent ***U content is in error. No accuracy was quoted in the assay, and clearly a small
percentage error in the assay could lead to a large change in ***U content at the 0.05 percent
level. In theory, for fission contributions due only to **sU in the ***U chamber, the ratio & /s

(which for this chamber is of course &5/55) should be unity, allowing for experimental uncert-
ainties.

Wherever possible, the precision of results and derived quantities has been expressed
as a percentage of the number concerned. The error quoted refers to the standard deviation.

For count ragéis measured with the chambers, errors quoted include usual counting
statistics® that is, {n, together with a 1 percent contribution due to reactor power level varia-
tions. No other error, such as location, was considered to make a significant contribution.
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9. REACTIVITY MEASUREMENTS

Reactivity measurements were made with a series of materials on each of the five
Be0-2*¢1 assemblies. In each case, suitable quantities of the materials concerned were
alternately placed in and removed from the assembly centre, and the resulting reactor periods
measured. Two methods of recording reactor power data were used, in one case, direct on a
recorder chart, and in the other, punched paper tape. This section gives details of equipment,
methods and analysis technique employed for these measurements and-quotes results for each
assembly in terms of reactivity worth of materials.

9.1 Methods

Details of the materials used in reactivity measurements are given in Table 20. In some
cases they were fitted-into aluminium cans, while in others solid materials were used on their
own. In all cases, the resulting sample was in the form of a right circular cylinder, of diameter
approximately 0.475 inches. These cylinders were a sliding fit in the inner of two concentric
tubes forming the pneumatic oscillator or transfer device. The oscillator, (Figure 17), had the
two tubes arranged so that regulated high pressure air from the site air supply could-be applied
either to the central tube or to the annulus between the two tubes. This enabled the sample to
be blown in either direction and thus positioned at either end of the inner tube.

The air supply to the oscillator was controlled by solenoid-operated valves; the latter
received power from a control unit and power supply forming part of the Series 173 Digital Volt-
meter Read Out equipment (Ellis 1967).

The oscillator itself was used by inserting it in the two inch diameter hole passing
through each assembly, and by locating it so that the sample was close to the assembly centre
on the ‘IN’ position (see Figure 1). The oscillator had to be removed from the reactor for sample
changing.

The reactor power used for reactivity measurements was nominally 3 watts, corresponding
to2x10°° amps on the installed linear power channel. With the oscillator loaded into the reactor,
power was adjusted by appropriate movements of control rods such that the repetitive insertion
and withdrawal of the sample caused the reactor power to fall and rise alternately, and the respective
positive and negative periods were approximately equal. '

All samples used gave small reactivity effects, corresponding to periods of hundreds or
thousands of seconds. Samples were left in either the ‘IN’ or the ‘OUT’ position for times of the
otder of 400 seconds, which enabled linear rates of rise or fall of reactor power to be obsetrved and
recorded: Each set of measurements consisted of six complete cycles of the sample.

The reactor power behaviour during each measurement was recorded-in two separate ways.
In the first method; an in-core ion-chamber supplied cutrent proportional to reactor power to a'd.c.
amplifier fitted with current suppression circuits. The mean current was backed-off as required,
and the varying component, now appearing as the output voltage from the amplifier, fed to a digital
voltmeter. The latter formed part of the Series 173 equipment, and-was arranged so that it sampled-
the voltage at regular intervals, selectable to suit the data being acquired. In most cases, the
sampling period was 2 seconds. When the sampling took place, the digital voltmeter reading, together
with information on sample location, was punched out on paper tape. Thus the numbets coded on
the tape represented the complete power history of the reactor on a scale expanded in accordance
with the degree of current suppression used at the d.c. amplifier.

The control unit of the Series 173 equipment actuated the oscillator air solenoids, providing
a square wave switching pattern of selectable period for use in an automatic sample moving sequence.
The period -most commonly used in these measurements was 800 seconds, allowing the sample to
remain ‘IN’ or ‘OUT’ for 400 seconds each. Manual control was also provided to enable the sample
to be moved at will. Figure 18 shows a schematic diagram of this part of the equipment.

The second method of recording reactor power used a switched-range chart recorder, with
built-in back-off facilities. The input to the recorder came from the voltage output of the installed

linear channel d.c. amplifier. A separate ion-chamber supplied this channel. Figure 19 shows a
schematic diagram of this equipment.
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TABLE 20

DETAILS OF MATERJALS

Sample Material Physical Form (g“f:;; coxher | Can Ma(sgsra"nfst):a“
3 U 0.002 inch foil 0.09539 - Al 3.26
5 BeO Solid sintered 3.9336 - Al 2.32
6 Steel Solid 18.6 - - -
7 Polythene Solid (.7898 - - -
8 Polythene Solid- 2.1742 - - -
9 Graphite Solid 3.8828 - - -
10 Graphite ' Solid- 3.8636 - - -
11 Aluminium Solid 6.6611 - - -
12 Boron carbide " Powder 0.05115 Al Al 3.91
powder powder + can
13 Natural uranium Solid 30.0 - Al 1.9
14 Aluminium - Solid 12.8767 - - -
15 ‘Graphite Solid 4.1925 - - -
17 Natural uranium | Solid 30.0 - Al 111
19 255y 0.002 inch foil 0.6438 - Al 159
22 Molybdenum Solid 11.438 - Al 1.65 |
23 Nickel Solid 2111 - - -
25 Polythene Solid- 2.1742 - - -
27 23 0.002 inch foil 0.0825 - C 4.32
29 Natural uranium | Solid 3111 - Al 0.59
3 Gadolinium 0.0001 inch foil 0.515 mg - Al 2.02
33 Cadmium 0.026 inch foil 0.0497 - Al 6.39
34 Chromium Flake 5.076 - Al 1.60
35 Boron-10 Powder 1.662 mg Al Al 4.870
: powder powder +can
36 Boron-10 Powder 3.149 mg * oo \Ix}éer Al 0o “jidﬂi con
37 230-0xide Powder . 100.7 mg pm%tlie;_r Al powldgl?]; can
41 Iron Selid 5.84 - Al 2.22
44 Boron-10 Powder 0.6714 mg Al Al 4.87
: powder powder + can
46 Graphite Solid 7.8486 - - -
47 BeO Solid (sintered) 4.708% - Al 2.21
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Although both recording methods are basically similar, in backing-off and then scaling-up
an ion-chamber signal, the purpose of using both was to provide an immediately visible and approx-
imately analysable record (the chart records) together with a record which could be processed by
computer at a later stage (the punched paper tape).

0.2 Analysis

Samples used, and their reactivities, were of such a magnitude that in most cases the
asymptotic period obtained enabled the reactor power to be closely approximated by a linear
function of time. This approximation was used explicitly in the case of chart records, where a
straight line was manually fitted to the power trace, and the slope of the line was used in determin-
ing the period. Reduction of data recorded on paper tape did not use this linear approximation, as
a logarithmic fit was made to the power records.

When fitting the chart records, initial transients and evident non-linearities were omitted.
The fitted straight line having been found, data were recorded on punched cards to enable the
slope to be calculated by computer. Appendix 3 describes the calculation of the parameters used-
and refers to the simple computer programme RCA. Computer calculation avoided arithmetic errors
in large numbers of repetitive manual calculations, and gave ready printed tables in a standard
format.

The format and-significance of numbers recorded on punched paper tape in this wotk, as
well as details of editing, collating, and listing programmes, are given in Appendix 4. In this
case, after correction and listing of the data and storage on magnetic tape, a programme RAC
was used to select and analyse data for particular sets of reactivity measurements (see Appendix 5).

As mentioned in Section 9.1, the reactor was brought to a stable condition before commencing
measurements. Small drifts in power, possibly due to temperature changes, occurred on some occa-
sions. If they were not too severe, measurements were continued, but if substantial, the measure-
ments were stopped-until stability was restored. In the analysis, it is assumed that the reactivity
worth of a given sample is the difference between the algebraic values of the reactivities derived
from the ‘IN’ legs and from the ‘OUT’ legs. Thus the mean reactivity from a series of ‘IN’ legs,
Py, and the mean reactivity from a series of ‘OUT’ legs; four , are combined to give the mean
reactivity worth of the sample by the expression -

P = Pn — Pour -

Moderate drifts in reactor power during several cycles do not affect this method of obtaining
the sample reactivity, provided that the drifts ate linear with time and that no other change is made
to the reactor, such as movement of a control absorber. Both methods of analysis depend on this
assumption.

The calculation of reactivity from period data was based on the inhour equation for an
asymptotic period

p=(UTk) v 3 LA /A s MDD ]

where the symbols have their usual meaning. The assumption was made that the first term on the
right-hand side may be neglected, which for the periods used in these measurements involved an
error of less than 1 percent.

Data for ***U thermal fission (Keepin 1965) as shown in the following table were used:
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Delayed Neutron Relative Abundance | Decay Constant
Group a =53/8 (secs™)

1 0.033 ) 0.0124

2 0.219 0 0305

3 0.196 0.111

4 0.395 : 0.301

5 0.115 1.14

6 0.042 3.01

The value of 3 (also from Keepin) was taken as 0.00650.

9.5 Results

The series of measurements was exploratory and intended for evaluation of experimental
techniques and the results must be viewed in that light. For instance. it was possible from
computer fitting to paper tape data to obtain quantitative information on goodness-of-fit; hence
confidence in the precision of the analysis was gained. On the other hand, manual fitting to
chart records could apparently be somewhat inaccurate unless particular care was taken. Having
conducted both types of analysis, it may be seen that in many cases remarkably good agreement
was obtained between the manual and computer results; this was significant in that the manual
results could be treated as reliable in regard to accuracy of fitting while conversely there were
no great problems in the handling of large masses of data through the computer.

In those cases where unresolved discrepancies existed between manual and computer
results, it was highly likely that errors in recording of equipment parameters were the cause,
making accurate analysis impossible. This problem highlighted the need for the closest personal
scrutiny of the progress of measurements of this type. where accumulation of large quantities of
data could be rendered useless by failure to record accurately some important control or equipment
parameter. In this respect there was a very strong case for reducing manual recording to a minimum.

Results are presented first as actual reactivity values produced by the two analysis methods
for eachiof the five assemblies. together with any relevant comments (Tables 21 to 25). Table 26
then lists the values selected for final analysis, and Table 27 quotes reactivity values per gram for
each material studied.

TABLE 21
ASSEMBLY I" REACTIVITIES DERIVED FROM ANALYSIS OF CHART RECORDS

: : Mean Values of Reactivity
Sample No.| Run No. |No. of Legs (1078 5k/k)
P Pour g
13 1,2 9 -328 | 6.80 ~10.1
11 1,3 8 -1.08 3.09 - 4.17
6 1/4 19 -16.6 8.0 -24.5
! § 1/5 7 8.9 -13.2 22.2
|

* No paper tape records were made for this assembly

-
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Three criteria were used to select values given in Table 27. First a check was made
for consistency between separate sets of data on the same sample on the one assembly. Where
inconsistency was evident, the only alternative course available was an arbitrary subjective
judgement. Second, if there was reasonable correspondence between chart and tape data for
the same run, the tape data was used on grounds of greater precision of analysis. Third, where
tape data were unreliable or open to criticism on various grounds, chart values were used. The
need and reasons for this selection technique are discussed above.

9.4 Comments

This series of measurements established a technique for finding reactivity values of
small samples of materials. There were certain unsatisfactory aspects of the results presented,
in that there remained some unexplained inconsistencies, and some gaps in the recotding of
accurate parametric and instrumental data. In addition there was a lack of systematic repetition
of measurements to establish repeatability and it would have been valuable to have checked the
linearity of results against several sizes of similar samples. These omissions arose partly from
the shortage of available time and the intention primarily to evaluate the technique.

Comparing data collection by chart and tape, this part of the work made clear the vital
importance of recording correct instrument settings for the tape data. since there were more
opportunities for error here than for chart recording.

The principal advantages of the tape method included the absence of the need for any
(subjective) manual estimation in curve-fitting, and the availability of quantitative error estimates.
It was also an asset to be able to use alternative data analysis methods without further manual work.

10. THEORETICAL CALCULATIONS

10.1 General

When performing a series of calculations for which the measurements described above are
intended as experimental checks, considerable geometrical difficulties appear. The undet-moderation
and heterogeneity of most of the assemblies requires a multi-energy group transport theory treatment.
Thus multigroup transport codes were used in part and two-dimensional diffusion theory calculations
were performed on a homogenised version of the assembly. An outline of the thrée-dimensional arrange-
ment of assembly and reactor which had to be represented in two dimensions for calculational pur-
poses is shown in Figure 20a.

Several attempts were made to find a credible two-dimensional representation. Spinks (1967)
used the cylindrical r-z model of Figure 20b for diffusion theory calculations, together with trans-
port-theory-derived diffusion parameters for the central homogenised assembly Tattersall (1967b)
also used Spinks’ model in calculating assembly spectra for comparison with chopper results.

Dalton (1969) developed and extended Tattersall’s original work both in analysis of chopper
data and in using a different geometrical model. Dalton’s emphasis was in calculating spectra at
the centre of assemblies for comparison with the measured spectra, and it was found that close
agreement could in fact be obtained between theory and measurement. Curves showing the agree-
ment reached are reproduced in Figures 10 to 14. It was concluded that the approximations made
in the calculations were justified for the particular situation

If calculations such as Dalton’s are to be applied or extended to permit comparison with
other measurements, such as fission ratios or reactivity measurements, a further complication is
apparent; the presence of the two-inch diameter hole through the assembly introduces another
heterogeneity with an additional leakage path through the central region

The choice of data for the calculations is important. Cripps (1969) also performed cal-
culations related to these assemblies using a locally modified version of the Los Alamos 18-group
data set (Connolly 1963). Although this set does not contain cross sections for all materials of
interest, the argument has been advanced that it has the advantage of having been checked against
experiments. The need to modify the cross sections. particularly in the more thermal groups, to
suit the type of spectrum involved in the present work, seems in one respect at least to nullify
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the ‘tested’ aspect of the set. A further disadvantage appears to be the lack of any positive
contribution to local endeavours to build up a combined data and multigroup calculational

scheme such as GYMEA (Pollard and Robinson 1966). The latter. as part of an overall programme
of theory plus experiment. needs to be tested and if shown lacking. to be modified to improve its
utility. Ad hoc modifications to the Los Alamos set can have only a limited usefulness. and can
hardly be referred back to basic data or calculational methods and approximations.

Thus data derived from GYMEA have in fact been used by Tattersall (1967b) and Dalton
(1969) and by the author in the calculations described below.

10.2 Calculation of Spectra

As mentioned above, differential spectra were calculated by Dalton (1969) for comparison
with chopper measurements. An initial attempt was made using Dalton’s spectra to derive the
fission rate ratios against the measured values described in Section 8, Thus the reaction rates
for infinitely dilute fissile isotopes were calculated using 120 group fluxes as input to GYMEA.
The thin foils used for the fission ratio measurements did not require any significant self-shielding
correction.

This initial calculation showed that the central spectrum appropriate to the chopper measure-
ments was less thermal than that existing when fission chambers were introduced. This conclusion
was based on the fact that the measured ratios were smaller than the calculated ones, and that the
ratios tended to decrease with increasing thermal content. These results applied to all assemblies.

The presence of a two-inch diameter hole through the assembly centre suggests that there
would be an increase in epithermal leakage due to streaming down the tube, and hence a softening
of the spactrum. In addition the geometry of some assemblies required removal of fuel to make way
for the tube. The reduction in fuel in the central region then led to decreased thermal absorption
and a resulting enhancement of the spectrum in the thermal region. The overall result it is suggested.
was a softer spectrum when the tube was in place,

A series of calculations (which made allowance for the tube’s presence) was then under -
taken. The technique adopted was to simulate an assembly by three concentric circular regions.
From the centre outward these were the central standard cell and outer regions. The standard
cell region was given a composition typical of that portion of the assembly where the nominal BeO/
***U ratio was unaffected by reflector material or the central tube arrangements. Composition of the
outer region was similar to that of the standard cell region. except that allowance was made for
additional BeQ at top and bottom surfaces of the experiment container. The central region took
account of the region immediately surrounding the tube, and thus had a more dilute composition
than the other regions.

The composition of each region was used in a GYMEA WDSN-GYMEA calculation (Doherty
1968) to produce cross sectional data for a homogenised version of each. Flux disadvantage facturs
wete calculated within this scheme in the WDSN step (Francescon 1963). The cross sectional data
were then used in an 18-group CRAM calculation (Hassitt 1962) which derived energy dependent
leakage values for the central point of a one-dimensional cylindrical model. Each region was rep-
resented as a circle (or annulus, as appropriate) together with an outer graphite ring as reflector.
An axial buckling was included in the input data to allow for the finite length of the assembly and
reactor.

The central mesh point leakage values were then supplied to a further 120-group GYMEA
calculation for the central region the output being a 120-group spectrum at the central point.
Fission ratios were then calculated using this spectrum.

The major difficulty in applying this calculational scheme was found to be the choice of
radii of the three fuelled regions. particularly the radius of the central region. A somewhat arbi-
trary selection had to be made of the boundary of the corresponding region of the assembly. In
practice, the method of selection was based on fission ratios obtained from the infinite medium
GYMEA -WDSN-GYMEA calculation for the central region. These ratios were an indication of
spectrum hardness. and were made harder on applying the CRAM-derived leakages. Comparison
with the measured values thus made possible an empirical adjustment to the region boundaries
‘until reasonable agreement could be obtained between measurement and calculation.
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10.3 Fission Ratios

The procedure described in Section 10.2 led to calculated values for the fission ratios
o; /o . Table 19 gave the measured values for these for Assemblies 2 to 5, and Table 28
summatises the comparison between experiment and theory,

TABLE 28

COMPARISON OF MEASURED AND CALCULATED FISSION RATIOS

Assembly 9 3 4 5
Ratio
A A Meas. Calc. Meas. Calc. Meas, Calc, Meas. Calc.
25 /0'5
wa[J /235 1.03 1.05 1.07 1.09 1.15 1.14 1.26 1.27
239Py /235]] 1.62 1.72 1.81 1.83 1.92 1.94 2.13 2.19

The standard deviations of errors on the measurements are about 1.5 percent in all cases.

Examination of the *°U/2**U and 2*°Pu/?**U effective cross section ratios shows that the
calculated values are within three standard deviations of the measured values in most cases.
Both measured and calculated values change in the expected manner with decreased dilution of
the assembly composition.

The question then arises as to the significance of the agreement between experiment and
theory in this case. The sole way to answer this question is to point out that the measurements
can only be described accurately by a three-dimensional model in x,y,z geometry. To perform any
calculations at all, it is necessary to adopt one- or two-dimensional moedels. This immediately
demands a number of arbitrary choices in setting up the representation of the physical system and
there is no clear justification for one arbitrary choice against another.

Nevertheless the arbitrary choices made in selecting boundaries for the central and standard
cell regions were consistent over the four assemblies for which the above results are presented.
That is, similar boundaries were used in determining the material ratios in the central region for
each assembly, and the same central region diameter was employed in each CRAM calculation. At
worst, then, it could be argued that an empirical agreement was obtained on one assembly, and that
parameters used for the empirical fit were found to give agreement for the remaining assemblies.

Only #*U, ***U and ***Pu values have been regarded as significant in the above discussion,
despite the inclusion of ***U and **°Pu results in Table 19.

In the latter two cases there was insufficient confidence in their isotopic composition, and
the experimental fission ratios are considered to have little value.

10.4 Reactivity Values

If a material is introduced to or removed from a region of a reactor with flux ¢, then the
reactivity change is subject to the approximation of first order perturbation theory given by
dho p*dv
AP - material
fqm,b v 3, Fav

bt reactor

where Ao is the change in effective cross section o consequent on the material introduction or
removal, & and ¢* are the flux and adjoint respectively, dV is an element of volume, and ¢, v
and 3 are the fission $pectrum, neutron emission per fission and macroscopic fission cross section
respectively.



—36--

To calculate & o in a given situation, it is necessary to know the effective cross sections
for fission absorption, scattering, etc. for the material concerned, together with the spectrum ¢
and its adjoint ¢* in the region of the reactor where the change takes place. If it is considered
adequate to calculate only relative values of A o , then the denominator (which remains constant
for a given overall reactor situation) may be ignored.

In the present case values of group fluxes ¢, and adjoint ¢* were obtained from the
18-group CRAM calculations referred to in Section 10.2. Fluxes at the central mesh point were
printed out on cards using an option built into the CRAM code (McGregor et al. 1968).

A facility was incorporated in GYMEA (Pollard, private communication) to carry out the
multiplications ¢ Ao ¢* and to integrate over the various cross sections and the group structure,
This routine, known as CREAP (Central Reactivity Perturbation), also made provision for reson-
ance self-screening in materials such as ***U by calculating an appropriate mean chord length for
the sample and carrying out a WDSN transport theory calculation to obtain disadvantage factors.

TABLE 29

COMPARISON OF MEASURED AND CALCULATED REACTIVITIES

Assembly 2 3 4 5
Meas. Calc. Meas. Calc. | Meas. Calc. Meas. Calc.
|Natwal U | -0.061 | 0.33 | -0.83 | 085 |13 |49 | -15 | _11
— — - - - - - - -
sy 153 153 | 88 | 88 398 398 29 29
2y | o1 ~0.79 | 1.5 |-10 |-41 |-78 | -17 |-13
c 21 013 | 016 | 0.21 | 7.2 1.8 | 078 | 0.44
BeO 21 016 | 018 | 0.25 | 8.4 2.1 1.4 0.54
Al 055 | -0.41 | -062 |-045 |-063 |-31 | —os2 | 030
g - ~ | —24400 |-20000 | - - - -
“Fe | -1.8 | -23 | ~41 |-26 (=13 |-18 24 | -24
Mo - ~ |24 |-1s - - - -
Ni - — | =50 |-42 - - - -
Cr - - | =51 |-32 - - - -

Table 29 shows both measured and calculated values. The measured values, which have
been abstracted from Table 27, are expressed in terms of 10 ® Sk/k per gram of material. The
sole boron-10 value is the result of several measurements with samples of varying boron-10 content:
the value quoted is an extrapolation to zero mass. The calculated values have been normalised to
the measured ***U value for each assembly for comparison. As mentioned above, the calculated
values are only relative, since no account was taken of the denominator term in the perturbation
expression for Ap ,
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Examination of Table 29 shows that the agreement between theory and experiment varies
rather widely. For ***U, for example, there is less than a factor of two in each case between
measured and calculated values, whereas for some other materials there is an order of magnitude
difference. Some of these discrepancies are certainly due to experimental error, since it is known
that the pneumatic oscillator did not function correctly during its use on Assembly 4. Assembly 3
results, as presented, were actually derived from a rebuilt version of this assembly, and benefited
from the experience gained on seven or eight earlier sets of measurements.

As previously mentioned, the performance of these reactivity measurements was always
regarded as a trial of techniques, and not as an exercise in obtaining few-percent-type agreement
with calculation. The results shown, and the extent of agreement reached, are thus regarded as
quite satisfactory, and as justification of the methods used for both measurement and calculation.

11. CONCLUSIONS

The quantity of fuel and other material constituents required for reactors has become a
limiting factor in their experimental study. The need for a wider range of measurements has forced
the use of critical rather than exponential assemblies. It has become common practice to attempt
to predict the properties of a reactor from measurements on a two region reactor, the inner region
having the composition of the reactor whose properties are being sought.

The study reported here was designed to predict the properties of reactors from measure-
ments made on a 1 ft cube positioned within the two core tanks of the Argonaut type reactor MOATA.

The spacing between MOATA’s core tanks (18 inches) precluded the establishment of the
core equilibrium spectrum. The situation was further aggravated by the need to have large diameter
holes (1 inch and 2 inches) through the assembly for reactivity, activation and fission chamber
measurements. Under these conditions the object of the experiment became the calculation of the
measured properties.

Prediction of the properties of two-tank heterogeneous reactors (e.g. MOATA) is difficult.
It is difficult to construct two dimensional models which are physically realistic in detail. This
is particularly so even in the model considered for the representation of the light water reflector
above and below the fuel elements. The widely differing properties of graphite and light water
make suitable homogenisation difficult. The model used, while having several ad hoc features,
was considered to be quite successful on most counts.

Despite uncertainty as to whether an asymptotic spectrum had been achieved within the
assembly, the results indicate substantial agreement between measured and calculated quantities.
The measure of agreement obtained generated some confidence in the methods (both experimental
and calculational) and nuclear data used. Analysis indicated that greater attention to detail is
required in this approach to reactor physics if confidence is to be placed in using the methods and
data for assessing reactors of the same composition. More attention to detail might have improved
the agreement between measurement and calculation, but general considerations suggest that current
discrepancies could be offset against the model, the nuclear data or calculational method used, just
as easily as against the measurements.

Although comparison of measured values with predictions is valuable for assessing the
ability to predict reactor properties, there is no doubt that a measurement of the critical mass of
the reactor would be accorded a higher weighting than most of the measurements actually made.
The measurements made, though valuable, are not as sensitive to changes in the data and methods
as one would have liked.

The programme has shown that two-region experiments using relatively small amounts of
material conforming to reactor composition can be used successfully to provide data for a reasonable
production of reactor properties. More confidence would be generated if a critical mass comparison
were available.
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APPENDIX 1

DETAILS OF LOADING ARRANGEMENTS FOR ASSEMBLIES

In each case, details are given of the contents of successive layers, comprising BeO,
Al and ***U foils. These are set out here in the same way as the actual loadings, i.e. lowermost
layer at the bottom. BeO block types are shown in Figure 2. The layout of foils for each assembly
is shown in paragraph Al.6.

Al.l Assembly 1

Al.1.1 Full box

4 Type E blocks

2 foils .
4 Type E blocks } 10 times

Al1.1.2 Chopper channel

4 Type E blocks

2 foils 4 t'."

4 Type E blocks 1mes

2 foils

Al channel spacer, 8 Type A, 8 Type C, 8 Type F, 3 Type G blocks
2 fOilS ’ 5 t‘

4 Type E blocks } Hmes

16 half-thickness Type A blocks (% inch thick)
Al.1.3 2 inch Tube

1/16 inch Al sheet (12 inches square)

4 Type E blocks

2 foils .
' t

4 Type E blocks 3 times

2 foils

8 Type A, 8 Type B blocks

1/16 inch Al sheet (2 sheets 0.060 inch x 4% inch x 12 inch)

2 foils

2 inch tube, 8 Type A, 8 Type C blocks

Al sheet (2 sheets 0.030 inch x 4% inch x 12 inch)

2 foils

8 Type A, 8 Type B blocks

2 foils .

4 Type E blocks . 4 times

7/16 inch Al sheets (12 inch square)

Al.2 Assembly 2

Al.2.1 Full box

4 Type E blocks

3 foils

1/16 inch Al sheet (12 inch square) > 10 times
4 Type E blocks

3/16 inch Al sheets (12 inch square)
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APPENDIX 1 (continued)

Al.2.2 Chopper channel

1/16 inch Al sheet (12 inch square)

4 Type E blocks

3 foils

1/16 inch Al sheet (12 inch square) 4 times
4 Type E blocks

3 foils .
1/16 inch Al sheet (12 inch square) _
Al channel spacer, 8 Type A, 8 Type C, 8 Type F, 3 Type G blocks

3 foils

1/16 inch Al sheet (12 inch square) 5 times
4 Type E blocks

1/16 inch Al sheet (12 inch square)

Al.2.3 2 inch Tube

1/16 inch Al sheet (12 inch square)

4 Type E blocks

3 foils

1/16 inch Al sheet (12 inch square) 3 times
4 Type E blocks

3 foils

1/16 inch Al sheet (12 inch square)

8 Type A, 8 Type B blocks

Al sheet (2 sheets 0.030 inch x 4% inch x 12 inch)

2 foils

1/16 inch Al sheet (2 sheets 0.060 inch x 4% inch x 12 inch)
2 inch tube, 8 Type A, 8 Type C blocks

2 foils '

1/16 inch Al sheet (2 sheets 0.060 inch x 4% inch x 12 inch)
8 Type A, 8 Type B blocks

3 foils ‘

1/16 inch Al sheet (12 inch square) ;
4 Type E blocks

4 times

1/16 inch Al sheet (12 inch square)
Al.3 Assembly 3

Al1.3.1 Full box

1/16 inch Al sheet (12 inch square)

4 Type E blocks

6 foils

1/16 inch Al sheet (12 inch square) 4 times
4 Type E blocks

6 foils

1/16 inch Al sheet (12 inch square)

8 Type A, 8 Type C, 8 Type F, 6 Type G blocks
6 foils 3

1/16 inch Al sheet (12 inch square) j‘ 5 times
4 Type E blocks

1/16 inch Al sheet
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Al.3.2 Chopper channel

1/16 inch Al sheet (12 inch square)

4 Type E blocks

6 foils

1/16 inch Al sheet (12 inch square) 4 times
4 Type E blocks

6 foils

1/16 inch Al sheet (12 inch square)

Al channel spacer, 8 Type A, 8 Type C, 8 Type F, 3 Type G blocks
6 foils

1/16 inch Al sheet (12 inch square) 5 times

4 Type E blocks

1/16 inch Al sheet

Al.3.3 2 inch Tube

This is exactly as in A1.2.3, except:

6 foils instead of 3 foils
4 foils instead of 2 foils

Al1.3.4 1 inch Tube

1/16 inch Al sheet (12 inch square}

4 Type E blocks

6 foils

1/16 inch Al sheet (12 inch square) 3 times
4 Type E blocks

6 foils

1/16 inch Al sheet (12 inch square)

8 Type A, 8 Type D blocks

Al sheet (2 sheets 0.030 inch x 4% inch x 12 inch)

4 foils

1/16 inch Al sheet (2 sheets 0.060 inch x 4% inch x 12 inch)
1 inch tube, 8 Type A, 8 Type C, 8 Type F blocks

4 foils

1/16 inch Al sheet (2 sheets 0.060 inch x 4% inch x 12 inch)
8 Type A, 8 Type D blocks

6 foils

1/16 inch Al sheet (12 inch square) 4 times

4 Type E blocks

1/16 inch Al sheet (12 inch square)

Al.4 Assembly 4

Al.4.1 Full box

This is exactly as in A1.3.1, except:

12 foils instead of 6 foils

Al.4.2 Chopper channel

This is exactly as in A1.3.2, except:

12 foils instead of 6 foils.
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Al.4.3 2 inch Tube

This is exactly as in Al1.2.3, except:

12 foils instead of 3 foils
6 foils instead of 2 foils

Al.4.4 1 inch Tube

This is exactly as in Al.3.4, except:

12 foils instead of 6 foils
6 foils instead of 4 foils

Al.5 Assembly 5

Al.5.1 Full box

This is exactly as in A1.3.1, except:
18 foils instead of 6 foils

Al1.5.2 Chopper channel

This is exactly as in A1.3.2, except:
18 foils instead of 6 foils

Al.5.3 2 inch Tube

This is exactly as in A1.2.3, except:

18 foils instead of 3 foils
12 foils instead of 2 foils

Al1.5.4 1 inch Tube

This is exactly as in A1.3.4, except:

18 foils instead of 6 foils
12 foils instead of 4 foils

Al.6 Foil Layout

The following diagrams show the disposition of ‘uranium foils in each 12 inch square’
layer. For Assembly 1, the foils were manually placed in approximately the positions shown. For
all subsequent assemblies, the foils were attached to 12 inch square Al sheets, as already described.

Foils omitted in tube arrangements (two central layers only) are shown with double hatching.
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APPENDIX 2

CALIBRATION OF ***U CHAMBER

Isotope Assay Mass per ug total Spe&:/ig;:c/A:tgivity Deg?gelgate
w7 10.8 p.p.m. 1.08x 107° 7.5 x 10° 8.37
2y 87.87% 8.787 x 107" 3.50 x 10 307.55
24 0.83% 8.3 x107 2.28 x 10° 1.89
2] 0.09% 9 x10™ 7.89 x 107 0

226[J <0.03% <3 x107* 2.34 0

22y 11.21% 1.121 x 107" 1.23x 1072 0

Total decay rate 317.81 disintegrations/sec/ ug.
Measured 27 decay rate 9370 + 90 disintegrations/sec.
Hence total uranium content is given by

2x9370  _ _

The decay rate was measuted by D. Urquhaft of General Physics Section, using absolute
alpha-counting. The quoted decay rate has already been corrected for dead-time losses (dead-time
was 3 u sec) and for back-scattering (2 percent). The back-scattering correction could be in etror
by 1 percent, adding a fixed error of that amount to the final result.

No information was available on contamination by non-uranium isotopes, such as thorium,
which could have contributed to the observed alpha-decay rate. The quoted standard deviation of
+ 90 d/sec refers solely to counting statistics.

The decay rate of ***U was known to about 0.5 percent, while the quoted counting statistics
gave a 1 percent uncertainty. Hence the standard deviation of the 58.97 . g result was about 1.1 per-
cent, with the additional fixed error of 1 percent due to back-scattering corrections. This gave a
combined error of 1.5 percent.

Hence foil content was 58.97 + 0.88 » g or 58.97 2 g * 1.5 percent.
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APPENDIX 3
TREATMENT OF CHART DATA.

If the reactor is on an asymptotic period, then the time-voltage response of an ion-chamber
output is given by

v = voexp(t/T) , (1)
where v is the voltage at time t,

Vo is the voltage at an arbitrary time zero, t = 0
and 7 is the period, which may be positive or negative.

The basic property of this exponential function is that voltages appear as ratios, while times

appear as differences. Hence, provided that the region of asymptotic period is chosen, the zero-
time point t, may be selected completely arbitrarily. In the present work, it has been assumed

that the asymptotic periods involved are sufficiently long for the exponential function to approximate
accurately a linear relation.

Thus (1) becomes
v = ve (1+t/7), (2)
and the period is given explicitly by

1 V ~— Vo
7 = (t—to)Vo ’ (3)

where the zero-time t, has heen introduced, since it is effectively equal to zero.

Thus treatment of chart data consists in selecting values for v, vo, t and to on the linear
portion of each leg to be analysed.

At the power used for most of this work. the d.c. amplifier output voltage was about 20 milli-
volts, and fluctuations caused by sample movement and the consequent rise and fall of reactor power
were from say + 0.5 millivolts to +5 millivolts, depending on the sample concerned. Maximum sensi-
tivity to these variations was achieved by backing off the voltage v by a voltage V;, and displaying
the difference v—Vy = V on a scale ranging down to one millivolt full-scale. Thus Equation 3
becomes

=

Vv
t—to) (V; V) “4)

3]

It was convenient to record V, V,, as fractions of one millivolt, since recorder charts were calibrated
in that way, and to allow for the various recorder ranges by a factor K, where K has possible values

1, 2, 5, 10, 20 corresponding to the various recorder ranges with full-scale sensitivity of 1, 2, 5, 10

and 20 millivoits respectively.

It was also convenient to measure time as a length on the chart, with a knowledge of chart
speed S in seconds per division. Thus t — to became S(T ~ T,), where T, T, were measured in
chart divisions.

The method of obtaining a back-off voltage in the Kent recorder employed was to set a
10-turn helipot as required. This helipot, which was calibrated from 0.0 to 10.0, actually provided
t 50 millivolts nominal back-off, with a measured zero at the reading 4.92. Hence the actual back-
off voltage provided was related to a helipot reading of H by

V, = 10 (H — 4.92)
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We then have the working relationship

L _ K(V—Vo)
T  S(T-Ty) [KVy + 10(H-4.92)]

?

for the inverse period, or

;- [10(H-4.92) + KV,] S (T-To) . (5)
K(V=Vo)

The values H, K, S, V V,, T and T, were recorded for each leg of interest, and Equation (5)
evaluated to give the period 7 in seconds.

A Fortran programme RCA was written for the IBM 7040 computer, and later adapted for the
360 computer, to evaluate (5) and to give standard listings of results. For a large volume of data
this is well worth while, since arithmetical correctness is more readily obtained from a computer
than from multiple manual calculations, however elementary.

Data entered into the programme consist of a series of values for ‘legs’: legs are grouped
into ‘sequences’ if that group of legs is to be averaged together, The averaging method employed
by the programme, applied to all data in one sequence, is to sort out all legs for sample ‘IN’ and
all legs for sample ‘OUT”’, the total number of legs being tallied in each case. Then the mean
in-leg reactivity Py and the mean out-leg reactivity A, are calculated, and the mean sample
reactivity found from

P = Py — Poyr
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PUNCHED PAPER TAPE RECORDING AND PROCESSING

The punched paper tape which was used to tecord reactor power fluctuations for the series
of reactivity measurements was the five-hole type, punched on a tally tape punch. The code used
was the Baudot or teletype code subset with fourteen legal characters, as follows:

Character Baudot Code

5 4 3 S 2 1

0 1 0 1 o 1 0

1 1 ) 1 o 1 1

2 1 0 0 o 1 1

3 0 0 0 o 0 1

4 0 1 0 o 1 0

5 1 0 0 o 0 0

6 1 H 1 o 0 1

7 0 0 1 0 1 1

8 0 0 1 0 1 0

9 1 1 0 o 0 0
Decimal Point 1 1 1 0 0 0
Carriage Return 0 1 0 0 0 0
Figures Shift 1 1 0 o 1 1
Space 0 0 1 0 0 0
Minus 0 0 0 0 1 1

where ‘1’ indicates a punched hole

‘0’  indicates no punched hole

[

o’  indicates sprocket perforation.

Tape records consisted of Headings and Data. The Heading Record was punched immediately
on pressing the start button on the Series 173 equipment, and comprised a two-figure serial number
set by thumbwheel switches, plus delineating characters. Data Records were punched at each samp-
ling interval, and comprised an indicator giving sample position IN or OUT, plus the signed digital
voltmeter reading, plus delineating characters.

Paper tapes containing such records wete read by the IBM 70401401 computer, and later by
the 360—-50H computer, under control of a programme AEPACT (D. J. Richardson, private communica-
tion). AEPACT enabled paper tape contents to be converted into punched cards or loaded onto mag-
netic tape, which was used in this case. In the reading process, the paper tape records were checked
for presence of illegal characters, wrong record length, and other errors: the translated records then
had a code attached indicating the presence or otherwise of etrors and classifying records into head-
ings and data.

Magnetic tape contents were able to be listed by the programme TAPRS; ertor records revealed
on inspection of the listing could then be corrected by the programme CPACT, which created a new
magnetic tape in the process. Finally, two magnetic tapes were able to be combined by the programme
COMPACT. TAPRS, CPACT, and COMPACT were written by W. J. Turner (private communication).
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TREATMENT OF TAPE DATA

A5.1 BASIC EQUATIONS

These data were recorded on punched paper tape in the format described in Appendix 4,
and consisted of discrete values of voltages obtained at known regular intervals (the sampling
period). In the analysis, the reactor was assumed to be on an asymptotic period, either positive
or negative, and it was further assumed that transients, existing when samples changed position,
could be eliminated by ignoring data for a selected interval of time after each position change.

Voltages were actually obtained from the output of a d.c. amplifier, and the input current
to the amplifier was derived from an ion-chamber. For an asymptotic period, the current time
characteristic will be given by

i= ip exp(t/r) . (1)
where i is the current at time t, i, is an arbitrary current at time zero, and T is the petiod,
Taking logarithms, we obtain
Ini = t/7+ Iniy | (2)

which represents a straight line of slope (1/7). the quantity of interest, based on ordinates
(In 1) and abscissae t.

In practice. current i was backed off, or suppressed, by a fixed current I, , and a more
sensitive range, of full scale deflection I,,, used. Thus if the residual current was I,

i o= I+ I
and the output voltage V was related to the residual current I by the expression
vV = I/1, . '
since a current of I, would give one volt output for the instrument used (Keithley 415). Thus
Ini=In(I+1I;) = In(VI, + 1) ,
which becomes
lnlg +1In(V+1,/1,) .
Equation 2 now becomes
In(V+1.,/1,) = t/7 +1lniy - Inl, , (3)

and the final two terms may be disregarded from the point of view of finding the slope 1/+. This
latter assertion is readily verified by considering the equations for carrying out a linea: ieast-
squares fit to the values of In (V +1I,/I,)and t whence the slope is independent of the existence
of a zero or non-zero intercept Ini, — In 1.

The parameters which have to be provided are thus the suppression current I, , the working
range I . the sampling period, and the voltages V. Times t are introduced by the product of the
sampling period with the current total number of samples.

If we designate the ordinates In(V + [./1.) by values of y, and the abscissae t by values
of x, the conventional least squares linear fitting equations give the slope of the line, or the
regression coefficient as
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DIIRIR
s @)
where x'; = % -X
Vi ¥ =¥

X

-

WjX;/Ei:Wj,
y 2] WiYi/ziWiv

and where w. is the weighting factor to be attached to the value x; (or y; )as an indication of
the expected uncertamty of that value.

A5.2 FLUCTUATIONS

Owing to the statistical nature of the ion-chamber detection process, and even in the
absence of any variation in neutron flux seen by the chamber, there will be a fluctuation in the
chamber output current. The variance of this current is given by

ot = a 7 - ®)

where i is the mean current in amps.
q is the mean charge delivered per pulse,
RC is the time constant of the d.c. amplifier input connected to the ion-chamber.

For a boron coated chamber. g has the value 10 ' coulombs per pulse, while for the equipment
used in this work RC is about 1 second.

Thus o7 = 5x 10077 ., (6)

Take i equal to i. the latter given by Equation 1. The quantity recorded and manipulated

. ?
and whose fluctuation was required, is V, and the variance of V is given by &" (V).

We have vV - I, = i-1)/1,

w

Thus « oy 2 v \2 )
SV - (é—i— Si) ( %) o 7
o
a4 I, ¢
giving SVl /1L - 5x107 i1
But i = VI~ I, I(V + I./1,)
-15
and £y - 3 XIIO (V~: I—s) <

The fluctuation in the working parameter y is obtained thus

y = IV I/1,)

2 g ¥ \2 2
S = e 5
and y ( BV) "
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2
2 3V
(V+ I1,/1)

5x10°" , V. L/I)
IW (V + IS/IW)Z

-8
Hence 8y = 7.1 x 10 . (8)

T, V+1./1,)

3y and 3y' ate equivalent, and the weighting factors w; are then given by

S = 1 . (9)
Y Gy

A5.3 LEAST SQUARES FITTING

Equation 4 gives the expression for the slope of the straight line fitted to the values of
x and y. The variance of b', crbz, , is given by

provided that 8x; = 0, 8y, # 0,

and it may be shown that

% (w; x; 5y{)" 1 10)
[oa ] = = — )
b (ziwixriz)z %(Xti/syir)z

Using (9), Equation 4 becomes

% (. ] /8y
S (& /5y))

b=

(11)

The goodness-of-fit may be estimated by a calculation of X? per degree of freedom. For n
points, this is

.1 (y;_wx;z
X P By] '_) 12

which has the expected value of unity.

Equations 10, 11 and 12 give the quantities required from the fitting process, namely
variance of the slope, the slope itself, and the goodness-of-fit, respectively.

A5.4 ANALYSIS PROGRAMME RAC

A Fortran programme RAC was written for the IBM 7040 computer and later adapted to the
360 computer to handle analysis of data recorded on magnetic tape. The translation from paper to
magnetic tape is described in Appendix 4. RAC searches the tape for a particular set of data, and
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having found it, fits a straight line to the data for each ‘leg’ (the interval between successive
movements of the sample from IN to OUT, or OUT to IN). The slope of the line is then calculated
as above.

The method of averaging used in RAC is similar to that used in RCA (see Appendix 3), in
that the IN-leg values are averaged together, and the OUT-leg values averaged together, and the
average sample worth is given by .

P = Py — Bour -
The effect of reactor drifts during part of an otherwise stable run is occasionally to reverse

the sign of a particular leg. The programme identifies the presence of such atypical legs, and
signals the need for manual checking of the data concerned.
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