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1. INTRODUCTICH

This report describes one of a series of collaborative projects carried
out by the Indian Atomic Energy Commission and the Australian Atomic Energy
Commission on the physics of heavy water moderated reactors. The projects
have been concerned with measurement and comparison with calculation of
particular reactor parameters in fuel clusters containing 7, 19 and 37
14.24 mm diameter natural uranium dioxide rods, with two different spacings
and with various coolants in the fuel channels.

Rose, Jain & Menezes (1972) reported an experiment measuring 238U/235U
fission rate ratios, and Durance & McCulloch (1972) compared the measured
values with theoretical predictions. The present report is concerned with
measurements of a modified relative conversion ratio and the comparison of
these measured ratios with calculated values.

2. DISCUSSION

The conventional conversion ratio in a uranium fuel element is usually
defined as the ratio of plutonium production {or 238y capture) to 2353
absorption.

It is experimentally convenient to define a relative conversion ratio
{RCR) comparing the conversion ratio in the fuel element location to that in

a thermal neutron spectrum, as

-238U capture

] fuel element

| 235y absorption

RCR =

238y capture

] thermal
235

U absorption

which can be rewritten

238 -
U capture fuel element
235y figsion
[(1 + 0) thermal 235y
238 (1 + o} fuel
[ U capture] thermal

235y figsion

RCR =

R {1 + o) thermal 235,
(1 + 0) fuel

235

where oo 1is the ratio of capture to fission cross sections for U and R

can be directly determined experimentally using foils enriched and depleted

in 233y,

We have measured a slightly different parameter, which we term the



modified relative conversion ratio given by

238
L Fagture fuel element
U fission
R' =
238
U FapFure thermal
U fission

where U fission now includes the fast fissions of 238y, and can be directly
determined using discs of the same enrichment as the fuel elements.

The 238y capture is measured from the resulting 239Np activity and the
uranium fission measured by the resulting gross fission product activity.

The measurements were made in clusters of 7, 19 and 37 natural UQ2 rods,
each with two different rod spacings. They were arranged in a 3 x 3 lattice
in the centre of the ZERLINA reactor (zero power/natural uranium/heavy water),
D0, Hz0, polystyrene and air were used as the inter-rod 'cooclants'. Discs
of U0, were irradiated for five hours in the clusters and also in a thermal
neutron flux.

A high-resolution lithium drifted germanium crystal with associated
electronics was used to detect the fission product activity, and v- and X-rays
from the decay of the produced 239Np. The y~ and X-ray spectra resulting

from the decay of the 23?

Np were analytically separated from the general
fission product activity and uranium X-ray activity. The accuracy of the
experiment was limited by the low activity of the irradiated discs and the
removal of the uranium X-ray background spectra from the total spectra

resulting from the 233

Np decay.

Time restrictions allowed only one set of thermal reference experiments.
It would have been preferable to repeat these reference experiments through-
out the experimental period as a check on drift of equipment sensitivity for
the two different counting techniques.

The measured ratios were compared with calculations made with the
Winfrith lattice code WIMS (Askew, Sayers & Kemshell 19266) and the CRAM
diffusion code (Hassitt 1962).

3. EXPERIMENTAL ARRANGEMENT

The experiments were made in the zero power/natural uranium/heavy water
(100 W) reactor ZERLINA at the Bhabha Atomic Research Centre, Trombay, India.
A complete description of ZERLINA is given by Raoc et al. (1962).

The reactor consists of a cylindrical aluminium tank having an inner
diameter of 2286 mm and a height of 4350 mm., A radial graphite reflectox
735 mm thick and 3000 mm high surrounds the tank. The bottom graphite

reflector is 815 mm thick. Reactivity is controlled by raising or lowering



the D30 level and the maximum D0 level allowed for these experiments was
1260 mm. A vertical cross-section of ZERLINA is shown in Figure 1.

The normal core of the reactor consists of 96 natural uranium metal rods
2438 mm long and 35.6 mm diameter forming a lattice with a square pitch of
side 190 mm (Figure 2). However, in four of the experiments it was necessary
to add 16 ZERLINA fuel rods in peripheral positions so that the reactor could
become critical (Figure 3). &n experimental test region was obtained for
assembly irradiations by removing the nine central rods from the corxe. The
fuel cluster in which measurements were to be made was centrally located in
this region and surrocunded by similar cluster elements to form a 3 x 3 array.

Each cluster consisted of a number of fuel pencils {(aluminium tubes
containing U0z pellets). Discs of U0y, 0.254 mm thick, were irradiated
between U0z pellets in representative positions of the central cluster. The

resulting fission product activity and 239

Np activity of the discs were
subsequently measured after removal from the reactor.

A thermal column near the effective core boundary (graphite reflector)
was created in ZERLINA so that the reference thermal neutron irradiations
could take place under similar reactor conditions (start-up period, etc.} to
those existing when the experimental discs were being irradiated. Twenty-
seven rods were removed from the standard ZERLINA core and a double-walled
aluminium thimble was installed in this region. The nearest fuel rod was
880 mm from the thimble. Figure 4 shows the core configuration with the
thermal column in the peripheral region.

3.1 U0 Pellets and Discs

Forty precision surface ground pellets were manufactured at the same
time as fifty discs,nominally 0.254 mm thick. These pellets were always
placed adjacent to the discs in the test section and were 14.224 * 0.005 mm
in diameter.

The discs had the same diameter and density as the pellets (10.322 g cm %).
Their thickness was nominally 0.254 mm implying a bulk weight per disc of
0.41661 g. 1in fact, disc masses varied from 0.35069 to 0.4656% g with a mean
of 0.39369 g.

Another 30 surface-ground pellets, density 10.3 g cnfa, 14.24 mm in
diameter and about 18.0 mm long were used immediately adjoining the measuring

positions. The rest of the test zone fuel was 10.3 g cm 3

UO2 pellets of
various lengths and lower surface quality.

3.2 The Experimental Clusters

Clusters of 7, 19 and 37 rods with rod centre-to-centre spacing of ~17 mm



and of ~24 mm were studied. The rod spacing was set by the cluster end-plates.
Spacer plates of similar dimensions and the same accuracy as the end-plates
were placed at positions along the clusters to prevent bowing. Figure 5

shows the end-plates used in the different experiments.

The outer 8 clusters were the same length (2440 mm) as the normal
ZERLINA fuel elements; the centre onewas only half this length. This re-
duced length was not expected to produce any perturbation at the centre
measuring position. It enabled the central cluster to be positioned so that
the test discs were at the maximum flux position which depended on the
critical height of the reactor, and varied from experiment to experiment.

The central cluster could ke easily removed from the reactor and quickly
dismantled so that the fission product counting of discs could start about
four hours after reactor shutdown.

3.2.]1 The central cluster

The central cluster was made up of two types of fuel pencils, R pencils
containing the experimental discs and UO; pellets,and P pencils containing
U0z pellets only.

The P pencils were 1200 mm aluminium tubes (15.85 mm o.d., 14.38 mm i.d.)
filled with the lower quality U0, pellets and with fixed threaded plugs
Araldited onto both ends. These ends were machined to fit into the bottom
and top cluster end-plates where they were fixed by screws.

The R pencils were 1194 mm aluminium tubes (15.83 mm o.d., 15.09 mm i.d.)
cloged at both ends with removable bayonet plugs. The tubes were loaded
with a central test section of U0, pellets and discs, and at each end with
an encapsulated section of U0O; pellets. The encapsulated sections consisted
of 415 mm, thin-walled aluminium tube (14.79 o.d., 14.36 i.d.) containing
the lower quality UOz pellets and with 3 mm-thick aluminium plugs Araldited
at both ends.

The test section consisted of a thin-walled aluminium tube (14.79 o.d.,
14.36 i.d.) with a fixed plug Araldited at one end and a removable bayonet
plug at the other (see Figures 6 and 7). The aluminium tube had four
longitudinal slots along half its length through which alignment of the
experimental disc (with respect to the adjacent pellets) was effected. Two
accurately machined pellets and a UO; disc were loaded at the half-way
position. One of the other machine~ground pellets was placed on either end,
and the remaining part of the test section was filled with the lower grade
pellets, A bayonet fitting plug was fixed at the open end of the tube and

a screw inserted through the fixed plug was tightened very gently until all



the space in the test section was completely filled making no axial movement
of either disc or pellet possible. The closeness of fit of the test section
within the R pencil d4id not allow ahy sideways movement of the disc with
respect to the adjacent pellets.

The R pencils were placed in representative positions in different rings
of the cluster. Details of the fuel pencils and assembly of a 7-rod cluster
are shown in Figure 8.

3.2.2 The outer clusters

These were made up in a similar manner to the central cluster, but used
2440 mm P pencils.
3.2.3 Cluster housing tubes

Clusters were housed in aluminium tubes of dimensions shown in Table 1.
These tubes were permanently closed at one end and could be sealed at the
other end.

3.2.4 Coolant

H,0, D20, air and expanded polystyrene foam were used in different

experiments to represent the 'coolant' filling the housing tubes. The

} to simulate

polystyrene (CgHg)n was used at a density of about 0.45 g cm™
2-phage water/steam coolant. The hydrogen atom concentration is then about
2.08 x 10%? cm®. Moulding of the polystyrene was successfully carried out

to very close tolerances (t 0,04 mm) using techniques described by Rose (1970).
Mouldings were manufactured for all but the 37 wide-spaced cluster. Seven
mouldings were used in the central experimental cluster and eight in each of
the outer eight clusters (see Figure 9 and Table 2).

The clusters were assembled and connected to an extension rod before
being sealed in the housing tube (Figure 10). For water-cooled clusters the
water level in the tube was set and monitored using a transistorised level
indicator (Figure 11l). A complete test assembly in its housing tube is shown
being loaded into ZERLINA in Figure 12. .

3.3 Thermal Neutron Reference Experiments

Two holders were available for the location of the referxence foils and
discs in the thermal reference thimble. One of the holders was a Perspex
cylinder (200 mm length, 38 mm diameter) having a recess (2 mm depth, 18 mm
diameter) at either end; the other was a Perspex strip (117 mm length, 40 mm
width, 3 mm thickness) having five holes (16 mm diameter, 2 mm depth, 17 mm
centre-to-centre) to keep the foils in their locations. The wvalue of the

: . T . )
epithermal index x T in the thermal reference thimble was found from cadmium
0
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ratio measurements using pure indium foils {thickness 93.4 mg/cmz) irradiated
under a 0.030" (~ 0.8 mm) thickness of cadmium (S.L. Mehta 1970).
The r/é;— values were obtained using the relationship of Bigham (1961),

o
i} T Gth {1 -h Rcd)
o (FR_, - 1) 2, g (1/K - W)
cd g . cd
where R,cd is the ratio of total to cadmium-covered activity;
Gth,Gr are the self-shielding factors in the detector foils for

thermal and resonance neutrons, caiculated using the method
of Hanna (1961):

S 19T are defined by Westcott (1956), (values of S, and g taken
from Westcott (1960));

h,F are the transmission factors of the cadmium filter for
thermal and resonance neutrons respectively;

1/K approximates the density fraction of the epithermal neutrons

| transmitted by the cadmium filter; and

W is the correction for resonance activation in the wing of

resconance below cadmium cut-off energy.

For thermal irradiation experiments four UQz discs were irradiated on two
occasions in the strip and two UOp; discs on two occasions in the cylinder.
r¢45§ was found to be (1.12 % 0.12) x 10~" in the cylindrical holder and
(2.19 * 0.17) x 10" in the strip holder.

The effective cross section of the U0 discs § in this reference
spectrum was obtained using the method of Westcott (1956) where

G = go + ZrJKEi- El— R
o To f_l:[_-
g.0g is the conventional 1l/v cross section, and
rt is the reduced resonance integral (éalculated for the 0.254 mm
U02 discs by using the cross section preparation code GYMEA
{Pollard & Robinson 1269) and found to be 90 barns).

238

The effective U capture cross section for the 0.254 mm UQz2 discs in the

thermal reference facility was found to be

~

G (2.73 + 0,022) barns (strip) and

(2.73 + 0.011) barns (cylinder) .

~

g

A correction factor of 0.992 or 0.995 was therefore applied to the

measured Np activity in the reference thermal neutron spectrum to take account



of the departure of the spectrum from Maxwellian form. The correction to
the #3°U fission cross section was found to be negligible.

Two enriched uranium foils and some depleted uranium foils were also
irradiated in the thermal position to assist identification and analysis of Np
activity.

‘3.4 Counting Equipment

The arrangement of the counting equipment is shown schematically in
Figure 13. The lithium drifted germanium detector and its associated pre-
amplifier gave a FWHM resolution of 3.5 keV. The amplified pulses were fed
either directly into a 51l2-channel analyser or via the single channel analyser/
discriminator to a timer/scaler.

Irradiated UO:; discs were placed in individual holders and remained in
the holder for both fission product activity and Np activity counting; no
lateral or axial displacement of the disc could occur during the counting
period. The holders could be located with accurately reproducible positioning
about 2 cm above the crystal surface. At this level the sensitivity of the
crystal to a point source from the mean sensitivity was down by about 0.3 per
cent at the edge of the disc, and up by about 1.5 per cent at the centre. 1In
the axial direction there was a sensitivity change of about 4 per cent per mm.

4, FISSION PRODUCT ACTIVITY COUNTING PROCEDURE AND ANALYSIS

4.1 Counting Procedure

1.33 MeV y-rays from a 80co source were used as a standard. They were
‘amplified to a predetermined amplitude which was set using a 512-channel
analyser, by adjustment of the amplifier gain. An energy calibration was
then made with standard sources and a pulser was set to an equivalent pulse
height of 1.4 MeV., Next the single channel analyser and scaler were connected;
the discriminator of the SCA was adjusted until only half the count rate from
the pulser was registered by the scaler.

The 1.4 MeV discriminator setting was chosen to be well away from fission
activity peaks so that the count rate would be little affected by the expected
small drifts in the SCA discriminator setting.

The ®%co pulse height was checked after the experiment for drift that
might have occurred over the entire day. The maximum change in pulse height
that did occur was 0.3 per cent and this could have resulted in a change of
up to 0.8 per cent in the count rate. However, in the majority of cases nc
detectable drift occurred over the counting pericd. Fission product counting
started about 4 hours after the reactor shutdown and continued for up to 8

hours. The active discs were counted repeatedly during the period 4 to 12



hours after the reactor shutdown in a repeating pattern of three 10-second
counts with 3 second intervals.

During the counting seguence the background (air) activity and the
activity of discs with similar previous irradiation history to those used in
the experiment were alsoc measured.

4.2 Analysis

A reference decay curve was obtained by combining together the counts
cbtained in the four thermal irradiations in the following way. Exponentials
were fitted sequentially to 90 minute sections of the individual disc
activities for all the discs irradiated in the four thermal spectrum experi-
ments. Calculated values of the activities at 30-second intervals were
obtained from these exponentials for the centre 30-minute region; these
values were combined to give a decay scheme for the entire counting period
for every disc irradiation. These calculated values were combined by a
similar method to give first a decay curve for the four separate experiments
and then resultant decay curves for the strip holder and the cylindrical
holder.

These curves were found to be identical so were themselves combined to
give the final curve and a list of reference values at 30-second intervals
from 4 to 12 hours after completion of the irradiations.

The relative fission product activities of all discs irradiated in all
experiments were obtained by comparing the individual count rates throughout
an experiment with the reference decay curve. This gave an activity ratio
for each disc in every experiment; weighted means were found for each disc
and values 30 or more from the mean were rejected (¢ being a counting
statistical variation only). The number of reject counts was well within
counting statistics. In no case was any trend in the ratio observed through-
out the counting periocds, showing that there was no detectable variation in
the fission product decay curve for any of the discs irradiated in the
different clusters, even though there would have been some variation in the
proportion of 238y fissions to total fissions.

5. NEPTUNIUM ACTIVITY, COUNTING PROCEDURE AND ANALYSIS

5.1 HNeptunium Counting

The amplifier was directly connected to the 512-channel analyser. The
amplifier settings were adjusted so that peaks from standard sources were
always registered in the same analyser channels. The counting started about
36 hours after the reactor shutdown and continued for between 8 and 16 hours.

Ten minute counts were taken.



Slightly different analyser settings were used in a few of the earlier
experiments, Np activities after the thermal neutron spectrum experiments
were measured using both analyser settings.

5.2 Analysis

The activity resulting from the Np decay must be separated from the total
activity of the irradiated U0z discs. 1In the disintegration of 239Np about
4 per cent of fhe B-decay goes to an excited state of 22?Pu which emits a
106.1 keV y-ray followed mainly by either a 228 or a 278 keVv y-ray. These
228 and 278 keV y-rays have large internal K-conversion coefficients giving
rise to plutonium K-Ljj) rays at 99.6 keV and 103.8 keV. These plutonium
y- and X-rays must be distinguished from uranium X-rays of comparable energy
which exist at 94.7, 98.4, 111.0 and 114.5 keV. Spectra were recorded from
50 to 200 keV, particular attention being given to peaks in the region of
90 to 113 keV.

5.2.1 Background removal

The first stage in the analysis was the removal of background. Poly-~
nomials of first, second and third order and an exponential were least-squares
fitted to the data in peak-free regions of the total spectrum. The expo-~
nential was found to be the best fit and was used as the method of background
removal for each data set.

5.2.2 Unirradiated spectrum

A U0z disc with similar irradiation history to the experimental discs,
but not irradiated in the particular experiment was counted during every
Np counting cycle, making spectra available from many different disc masses
with different elapsed times since their previous irradiations. One disc
was re-used in an experiment after only 11 days, a few after a period of
between 15 and 20 days, and the majority after more than 20 days. Count
rates obtained in the regions, 86 to 97 and 106 to 116 keV, were identical
(within statistical accuracy) for all ‘discs, independent of mass or elapsed
time from last irradiation. Activity in the 97 to 106 keV region, however,
was greater for the discs with the more recent pre-irradiations. A standard
unirradiated spectrum was obtained for the 86 to 97 and 106 to 116 keV
regions using all disc measurements, and for the 97 to 106 keV regions using
only data from discs with elapsed times greater than 35 days since their
previous irradiation.

This unirradiated spectrum was removed from all the irradiated spectra,
but a further correction was made for the additional Np activity still

present to allow for shorter elapsed times since a previous irradiation. Two
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foil activities had to be corrected by 1.7 per cent, one by 1.1 per cent, and
a few others by between 0.6 and 0.3 per cent for this effect.

5.2.3 Removal of uranium X-ray spectrum

To enable identification of fission product activity and separation of

uranium X-ray activity from the spectra, enriched (20 per cent 235y) foils

235U) uranium metal foils were irradiated in the

and depleted (0.04 per cent
thermal reference thimble. Unirradiated spectra for each foil had previously
been measured.

The enriched foil was placed on the detector and its activity measured
with the foll uncovered. Next its activity was measured with a 0.051 mm
natural uranium foil above, below and on both sides. The same sequence was
repeated replacing the natural metal foils with 0,127 mm natural UO: discs.
These data were analysed in the same way as those from U0z discs by fitting
an exponential background to peak-free regions and removing it from each of
the spectra. The mean unirradiated spectra were then removed from the
respective irradiated spectra.

The irradiated enriched foil spectra before and after removal of the
background and unirradiated spectra are shown in Figures 14 and 15, While
the. abundance of uranium X-rays increases with the addition of natural
uranium or U02, discs, the general activity of the foil decreases. Spectra
obtained in the three cases after removal of the appropriate unirradiated
spectra, vary only in total count-rate, and there is no contribution in the
spectra at the Np decay energies which decrease when the detector is shielded
by natural UO; or uranium metal foils. Therefore fission product activity
in this region is very small compared to uranium X-ray activity; £ission
product activity would also be negligible in comparison with the Np activity
in the case of the irradiated UQ, discs. A mean uranium X-ray spectrum was
obtained from all experimental data (Figure 15).

This mean uranium X-ray spectrum was normalised to the irradiated UO»
spectrum at the 94.7 and 111 keV uranium X-ray peaks, and subtracted from
the total spectrum to give the Np decay spectrum.

A contribution was expected from the Np decay spectrum in the channels
at these uranium X~ray peak energies, but as a fixed proportion of the total
Np activity for all irradiations.

5.2.4 Intercomparison of Np activity

Figures 16 and 17 show an example of the irradiated UO; spectra and the
procedure of background and X-ray activity removal. The disc activities

obtained were least-squares fitted to the 2.350 day half-life exponential
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decay for 239Np. Individual counts greater than * 3 ¢ (¢ being the counting
statistical variation only) from the fitted curve were rejected. The remain-
ing activities were refitted to the exponential. The number of rejected
counts was that expected from counting statistics and no deviation from the
2.350 day half-life was observed. Consequently, the Np activities of all
discs could be readily intercompared using this half-life to determine the
amplitudes of such fits at a standard time (2200 minutes) after reactor
shutdown.

6. NEPTUNIUM ACTIVITY/FISSION PRODUCT ACTIVITY RATIO

The ratios of Np activity to fission product activity were found for
each individual irradiation and are listed in Tables 3A and 3B, together with
the ratios obtained in the thermal neutron spectrum with the same Np analyser
settings (see Section 5.1). Table 3A lists results of the early experiments
using the standard Np analyser settings after the detector was redrifted;
Table 3B, those of earlier experiments with the initial analyser settings.

Mean values of the ratio for measurements made with both foil holders
in the thermal neutron spectrum are shown in Tables 3A and 3B. The same ratio
was found with both the holders. The error shown for the mean thermal
experimental ratios is that obtained from the distribution of the individual
foil measurements. It ranges from 1.1 per cent for the initial analyser
settings to 0.8 per cent for the later measurements.

7. ERRORS |

A survey was made of possible sources of error in experiment, counting,

and analysis.

7.1 Edge and Surface Effects in Detector Discs

De Lange et al. (1266) reported on a measurement of the edge effect as
a part of their Initial Conversion Ratio (ICR) studies on U0z lattices. They
concluded that there was no significant edge effect for the 0.127 mm wafers
they used, We have assumed that similarly there would be no significant
effect.

No chipped discs or pellets were used. Disc and pellet surfaces were
such that the discs tended tco adhere to the pellet surface. The diameters
were matched by precision grinding. The eguipment permitted very accurate
alignment of discs and pellets for irradiation. Consequently we concluded
that errors in our experiments due to these effects were negligible.

7.2 Crystal Sensitivity

Tunnicliffe et al. (1263) considered the effects of non-uniformity in

detector sensitivity and foil activities. The spatial response variation of
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the crystal used in our experiment was similar to that used by Tunnicliffe
et al. whe showed the resulting errors in measured ICRs to be negligible.

7.3 Counting Statistics

Average count-rates were obtained in the measurement of the fission
product activity and Np activity for each ring of all the clusters. The
ratios of the cluster count-rates to the thermal irradiation count-rates are
shown in Table 4 which shows that the maximum fission product count-rate in
a cluster experiment was about eight times that in the thermal neutron
spectrum experiment and that the Np activity count-rate in the cluster experi-
ments was between three and nine times that in the thermal neutron spectrum
experiment.

In the case of the clusters, we had errors in the range

fission product activity 0.1 to 0.4 per cent;
Np activity 0.1 to 0.2 per cent.
For the thermal spectrum, the corresponding errors are
fission product activity 0.3 per cent;
Np activity 0.3 per cent.
7.4 Air Background

This was found to be negligible.

7.5 Natural (and Previous) Activity of the Discs

In the experiment with the lowest fission product activity the correction
for unirradiated disc activity varied from 2.8 per cent of the total fission
activity at the beginning of the counting period, to 10 per cent at the end
of the pericod.

For the Np activity analysis, the discs irradiated in the reference
thermal neutron spectrum required the removal of an unirradiated spectrum
amounting to 6 per cent of total activity; this fell to between 1 and 2
per cent of the total activity for the discs irradiated in the various
clusters.

The background activities used in both analyses were repeatedly measured,
but because no variation in background with disc mass was included we have
prlaced an accuracy of ¥ 4 per cent on these average count rates,

The resulting errcrs in the background-corrected count rates would
therefore be very low in the cluster experiments and would be at a maximum
of £ 0.3 per cent in the Np counting and % 0.4.per cent at the end of the
figsion counting in the thermal spectrum experiments.

7.6 Dead-time Losses

Overall dead-time of the counting equipment was of the order of 1 usec
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and the maximum fission product count-rate was of the order of only 2000
counts per second. Therefore, the resulting dead-time corrections were
negligible.

7.7 Uranium X-ray Spectrum

The measurement of the uranium X-ray spectrum together with the procedure
of fitting and removing this spectrﬁm from the total disc activity to give
only Np decay activity, can be fegarded as the main sources of error in the
experiment.

A displacement of a half-channel could possibly have occurred in fitting
the uranium X-ray spectrum to the total spectra, but it was expected that the
shift in the lead channel would be compensated for by an equivalent shift in
the trailing channel.

For the range of clusters studied, the Np spectrum remaining after
removal of the uranium X-ray spectrum, contained between 83 and 85 per cent
0of the total observed counts. This proportion depended on the cluster and
the disc mass, but for individual disc irxradiations the proportion of the
residual count was repeatable to better than * 0.3 per cent. In the case of
the thermal spectrum, the removed uranium X-ray spectrum was observed to
depend on the disc mass and to range from 20 to 33 per cent of the total
counts as the disc mass varied from 0.35 to 0.48 gms. 'The variation of an
individual measurement was * 1,4 per cent.

Error in Np activity was expected to result from any error in the actual
X-ray spectrum used in the analysis; but the magnitude of this error was

expected to be proportiocnal to Np activity and not to effect the ratio
{Np activity) cluster
(Np activity) thermal

7.8 Positional Errors

Although it was not possible to derive an estimate of any positional
error present in the experiment, the accumulation of the possible errors
above is consistent with the variations observed in repeated measurements,
Scatter in measurements of the Np/fission product activity ratio at similar
cluster positions in the same experiment (or in repeated experiments)
corresponds to a standard deviation of about 1.8 per cent {(Table 3).

7.9 8Systematic Errors

We had intended to check unsuspected sources of systematic errors by
using alternative techniques and equipment to measure independently fission
product and Np activities of each foil. Unfortunately the available alterna-

tive equipment proved prone to very severe random drifts in gain, invalidating
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any data obtained with it. Therefore no check for systematic errors present

in the experimental method could be made. The tabulated accuracies for the

experimental results then are derived solely from the analysis of reproduci-
bility and include no allowance for systematic errors.

8. MODIFIED RELATIVE CONVERSION RATIO (R')

8.1 Methods of Calcﬁlating R'

Fundamental mode calculations for each experimental cluster were carried
out using the Winfrith lattice code WIMS (Askew et al. 1966). The CRAM
diffusion code (Hassitt 1962) was used to calculate spectrum distortion at
the experimental location arising from the ZERLINA.environment. It was found
to be significant in some of the lattices. In addition, the WDSN transport
code {Green 1967) was used to make a few check calculations of the environment
correction.

8.1.1 Pundamental mode calculations

Lattice calculations of a cell corresponding to a horizontal section
through the experimental test region were performed using the WIMS code.
The system was made critical by a search on radial buckling. The main
transport calculation option used was WDSN which requires smearing the
cluster into concentric rings. The leakage calculation involved the Benoist
three-region option combined with a diagonal transport correction.

WIMS library data options used for the main isotopes were:

. Deuterium - Nuclide No.8002 (which has a potential scattering

cross section of 3.4 barns and an effective width model for thermal

scattering;
. 238y -~ Nuclide No.2238.4; and
. 235y - Nuclide No.235.4.

The reaction rate ratios in the critical spectrum in each fuel ring of
the cluster were made relative to thermal by dividing by the ratioc of 238y

captures to 238

U fissions for a 30°C Maxwellian spectrum. The value calculated
for this ratio from the WIMS data was 0.004816.
An assessment was made of the effect on small differences between the
test section aﬂd surrounding fuel on the modified relative conversion ratio
{R'). 1In addition to a small difference in the amount of cladding, there
was a small unknown difference in fuel density due to the poorer gquality of
the U0z pellets in the surrounding pencils. Calculations of the variations
in R' caused by changing the brcoad group spectrum characteristics of the

central cluster to those of the outer fuel with an assumed 2 per cent lower

density and more cladding, gave (R'-1l) wvalues about 1,1 per cent lower for



15

all clusters, corresponding to corrections of -0.2 to -0.5 per cent in R'.
This small correction due to possible density changes has not been included
in the gquoted results.

8.1.2 Calculation of the enviromment correction

The environment correction was calculated using a radial model and both
the CRAM and WDSN codes. The general arrangements of the regions used in the
calculations are shown in Figure 18.

The central cluster was smeared into four regions similar to the regions
used in the WIMS cell calculation. The first regipn represented the inner
ring  of fuel pencils; the second the outer ring of pencils; the third
included some coolant and the aluminium housing tube; and the fourth was
D20. The eight outer experimental clusters were smeared into the fifth ring
which was further surrounded by a region of smeared ZERLINA core whose outer
radius was adjusted to obtain criticality. ‘The outer radii of the D20 region
and of the region where the eight outer experimental clusters were smeared,
were chosen to give the correct volumes of the regions.

CRAM diffusion theory calculations were made in seven energy groups
(Table 5) using a cell DB? absorption to represent the axial leakage corres-
ponding to the measured critical height of the system. All ¢ross sections
were obtained from the appropriate WIMS calculations, which allows a different
treatment of resonance events for inner and outer fuel pencils in a cluster.
The resulting test-region spectrum was then compared with one obtained from
a calculation made with a similar model, but with the radius of its smeared
cluster region increased from 32 to 60 cm to enable an asymptotic spectrum
to be achieved in the central channel.

As expected, deviation from the asymptotic spectrum was found in the
central cluster depending on both the spectrum mismatch between the experi-
mental cluster and ZERLINA, and the experimental cluster on diffusion
properties. The correction to R' was of the order of a few tenths of one
per cent; but for the 19- and 37-rod air spaced clusters, it was an orxder
of magnitude larger, reaching about 6 per cent for the 37 expanded air case,.
The values are shown in Table 6.

To check the adequacy of‘diffusion theory to estimate the environment
correction, the calculations for the 37 expanded air and 37 normal air
clusters were repeated substituting WDSN for CRAM. This decreased the
correction factors by a further 0.5 per cent for 37 expanded air and 0.3 per
cent for 37 normal air. It was concluded that the differences between

corrections obtained from transport and diffusion theories were not
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significant.

An assessment was also made of the effect of errors in the calculated
diffusion coefficient of the experimental lattice on the environwment correc-
tion. The calculation of D is most difficult for the expanded air clusters.
A change of 5 per cent in D for all groups, changed the correction on the
ratio for the 19-expanded air cluster by 10 per cent. 8Since errors in D are
expected to be less than 10 per cent, resulting errors due to environment
correction are expected to be ~ 1 per cent or less.

8.2 Experimental Values of R'

Tables 7A and 7B list the experimentally determined ratios (R') of Np/
fission product activity in the cluster to Np/fission product activity in
the thermal spectrum; the respective calculated values are also shown. An
average value of R' has been included in the table; it is a simple rod-
weighted average of R' over the cluster rather than a ratio of cluster average
Np activity to cluster average fission activity.

The five cluster measurements included in Table 7B are those made with
the detector before it was redrifted; the thermal spectrum measurement took
place after redrifting. A correction factor for the change of efficiency
in the detector has been obtained by comparing calculated and experimental
values of average R' for the 7-rod clusters. The corrected experimental
values are shown. It is not expected that this correction would introduce
an error greater than ~ 1 per cent in R' for the 5 experiments.

8.3 Comparison of Experimehtal and Calculated Values of R'

It can be seen from Tables 7A and 7B that the average calculated values
of R' for the 7-rod clusters, within the accuracy of the experiment, are in
agreement with the experimental ratios; the calculated 19-rod cluster
ratios are ~ 1.5 per cent lower than experiment and the calculated 37-rod
cluster ratios are ~ 4 per cent lower than experiment.

Table 8 shows the variation in R' across clusters for both the experi-
mental results and the WIMS calculations. Marked differences are apparent
between the calculated@ and experimental variations. The calculations over-
estimate the ratio in the outer rings and underestimate the ratios in the
central fuel pencil. 1In the 37-rod cluster cases, these differences are
about 2 per cent and 3 per cent respectively when normalised to the szame
cluster average value.

9. CONCLUSIONS
The Np activity/fission activity ratios for individual radii of a

range of U0z cluster fuel elements have been measured to an accuracy of ~ 1
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per cent. When combined with thermal column measurements, these give the
modified relative conversion ratios to an accuracy of approximately 1.5 per
cent.

Differences between the cluster test section in which the measurements
were made and the surrounding environment in the reactor, made precise com-
parisons between theory and experiment difficult, especially for the larger
clusters with low density coolants where environmental influences were large.
However, a tendency for WIMS to calculate too steep a radial variation of
R' through a cluster was clearly demonstrated. WIMS also exhibited a probable
tendency to under-predict cluster average R' wvalues as the cluster size
increases.

Use of a high resolution (3.5 keV FWHM} Li/Ge detector has been shown
to be satisfactory for a direct measurement of Np activity, and offers the
advantage of being significantly simpler than the usual coincidence technigque.
Unfortunately, the intended direct comparison of the two methods was not
achieved in these particular measurements, but the direct measurement tech-
nique should be capable of very satisfactory precision in a more favourable
experimental environment.,
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TABLE 1

DETAILS OF HOUSING TUBES

I.D. 0.D.
(mm) (mm)
7 Normal 57.1 | 63.5
7 Expanded | 88.0 90.0
19 Normal 88.0 90.0
19 Expanded | 124.6 |127.0
37 Normal 124.6 |127.0
37 Expanded | 148.8 |152.4
TABLE 2
DETAILS OF POLYSTYRENE MOULDINGS
Outside Ring Average | Average
Diameter Diameterxr Weight | Density
{mm) () {gms}
7 Normal 56.8 0 17.0 73.0 0.446
7 - Expanded 87.78 |0 26.0 321.0 0.464
19 Normal 87.78 [0 17.2 33.5 | 142.0 0.443
19 Expanded | 123.5 0 23.0 44.5 ) 566.0 0.468
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" TABLE 5

GROUP STRUCTURE FOR THE CALCULATIONS

Group Energy Boundaries
1 10 - 0.821 Mev
2 821 - 5,53 keV
3 5530 ~ 4B.052 eV
4 48.052 - 4.00 eV
5 4.000 - 0.8625 eV
6 0.625 - 0.100 eV
7 0.100 -~ - \Y
TABLE 6

CALCULATED VALUES OF R'

WIMS Calculations (R') Correction for WIMS Calculations (R')
Cluster E:::z:n::n;' ‘cluster Corrected for ZERLINA
Centre Ring 1l Ring 2 Ring 3 Ig::r ﬁ;ﬁ:: Centre Ring 1 Ring 2 Ring 3
L] L]
7NH l.168 1.165 + 0.2 + 0.2 TNH 1.170 1.167
1.158 1.195 + 0.1 + 0.1 D 1,159 1.196
1.155 1.187 + 0.1 + 0.1 P 1.156 1,188
A 1.137 1.189 - - A 1.137 1.1i89
7ED 1.212 1.222 - - 7ED 1.212 1.222
P 1.186 1.186 - - P 1.186 1.186
A 1.139 1.221 - 0.2 - 0.2 A 1.137 1.218
19NH 1.428 1.392 1,349% -0.2 - 0.2] 19N 1.425 1.389 1.346
D 1.437 1.416 1,456 - 0.3 - 0.4 D 1.432 1.411 1.450
19ED 1.555 1.532 1.529 ~ 0.4 - 0.4| 19ED 1.548 1.526 1.523
P 1.442 1.423 1.406 - 0.4 - 0.4 P 1.436 1.418 1.401
A 1.451 1.444 1..634 - 2.0 - 2.6 A 1.422 1.415 1.592
A7ND 1,927 1.895 l1.822 1.868 | - 0,5 - 0.6 378D 1.917 1.886 1.812 1.856
A 1.812 1.795 1.830 1,965]- 1.5 -1.9 A 1.786 1.768 1,802 1.928
3I7EA 2,042 2.030 2,082 2.374} -~ 5.0 - 6.3| 37EA 1.940 1.928 1,978 2,224
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LEGEND

EFFECTIVE CORE
BOUNDARY

REACTOR TANK

O ZERLINA FUEL ROD POSITIONS
(® ABSORBER ROD POSITION

X CLUSTER POSITION
(® SHUT OFF ROD POSITIONS

(/\ PARTIAL DUMP LEVEL STANDPIPE

FIGURE 2. ZERLINA - THE CORE ARRANGEMENT FOR
THE NORMAL EXPERIMENT
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FIGURE 3. ZERLINA - THE CORE ARRANGEMENT WITH
THE ADDITIONAL FUEL ELEMENTS
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FIGURE 4. ZERLINA - THE CORE ARRANGEMENT FOR
THE THERMAL MEASUREMENTS
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LEAD WIRES FROM PROBE

"0’ RING SEAL
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FIGURE 11. SECTION OF COMPLETE 7-ROD CLUSTER
IN HOUSING TUBE



A COMPLETE CLUSTER ASSEMBLY BEING

LOADED INTO ZERLINA

FIGURE 12
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FIGURE 15. THE ANALYSIS OF THE SPECTRA FROM
THE ENRICHED 235y fFoIL
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FIGURE 16. THE SPECTRUM OF THE IRRADIATED UO» DISC
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SMEARED INNER RINGS OF PENCILS
|oR SINGLE PENCIL IN
7-PENCIL CASE

ZERLINA
DRIVER REGION

SMEARED QUTER
8 CLUSTERS

SMEARED OUTER ALUMINIUM
RING OF PENCILS HOUSING TUBE

FIGURE 18. GENERAL ARRANGEMENT OF REGIONS USED IN
THE REPRESENTATION OF ZERLINA



