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variations following replacement of enriched-uranium elements with plutonium
clements.

The technique used for power density measurements (gamma activity scanning
by mecans of a Nal crystal) proved its outstanding capabilities, becausc it
revealed minor effects on the power densities, such as those due to rod manu-
facturing tolerances.

The good agreement observed in previous criticality experiments between
the experimental values and those obtained with the calculation methods
adopted by ENEL in the design of plutonium prototype fuel elements was
fully confirmed. The power den51ty was calculated with a standard deviation
less than 2 %, and reactivity with an error below 0.5 9.
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ABSTRACT

During the last shutdown of the Garigliano reactor for refuelling (August-
September 1968), a series of critical experiments were performed on assemblies
containing reload enriched-uranium elements and prototype plutonium ele-
ments. The outcome of these experiments was information on the rod power
density distributions associated with highly heterogeneous lattices and reactivity
variations following replacement of enriched-uranium elements with plutonium
elements.

The technique used for power density measurements (gamma activity scanning
by means of a Nal crystal) proved its outstanding capabilities, becausc it
revealed minor effects on the power densities, such as those due to rod manu-
facturing tolerances.

The good agreement observed in previous criticality experiments between
the experimental values and those obtained with the calculation methods
adopted by ENEL in the design of plutonium prototype fuel elements was
fully confirmed. The power density was calculated with a standard deviation
less than 2 9,, and reactivity with an error below 0.5 9.
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SUMMARY

During the last shutdown of the Garigliano reactor for refueling
(August-September 1968), a series of critical experiments were per-
formed on assemblies containing reload enriched-uranium elements and
prototype plutonium elements., The outcome of these experiments was
information on the rod power density distributions associated with highly
heterogeneous lattices and reactivity variations following replacement of
enriched-uranium elements with plutonium elements,

The technique used for power density measurements (gamma activ-
ity scanning by means of a Nal crystal) proved its outstanding capabilities,
because it revealed minor effects on the power densities, such as those
due to rod manufacturing tolerances,v

The good agreement observed in previous criticality experiments
between the experimental values and those obtained with the calculation
methods adopted by ENEL in the design of plutonium prototype fuel ele-
ments was fully confirmed. The power density was calculated with a

standard deviation less than 2%, and reactivity with an error below0.5%.






1. Introduction

The experimental and theoretical work described in this report was
carried out by ENEL under the Joint ENEL-EURATOM Research Program
for plutonium utilization in thermal reactors. During the last shutdown of
the Garigliano reactor for refueling (August-September 1968), a series of
critical experiments were performed on assemblies containing reload en-
riched-uranium elements and prototype plutonium elements. The purpose
of these experiments was to check the expected performance of plutonium
fuel elements by assessing the accuracy of the calculation methods used
in the nuclear design of plutonium fuel elements. Since these experiment
were performed on full-scale elements, they provide an integration of the
experimental data previously obtained by others on critical facilities, such
as those at WREC and at PNWL, and by UKAEA at Winfrith on ENEL's
behalf(l)_ In particular, they allow an assessment of the accuracy of the
calculations for the determination of KOO and power distribution in mixed
lattices, also in relation to the effects of water gaps and proximity of
enriched-uranium elements to plutonium elements.

The experiments can be subdivided into two groups:

a) Criticality experiments
b) Measurement of the local power distribution through gamma scanning

on slightly irradiated fuel rods removed from the assemblies,

2. Fuel elements

Three types of fuel elements were used in these experiments:

a) normal reload fuel elements enriched on an average to 2,3% U-235 (Fig.1);
b) standard plutonium prototype elements (Fig.2);
¢) mixed uranium-plutonium prototype elements, consisting of 40 enriched

uranium rods and 24 plutonium rods (Fig, 3).



The isotopic composition of the plutonium was 88.96% Pu-239, 9.77%
Pu-240, 1.19% Pu-241 and 0.08% Pu-242,

The mechanical design was the same for all the elements, Each fuel
element contained a square array of 64 fuel rods housed in a square Zircaloy
flow channel of 0. 20 cm thickness. The pitch of the fuel elements was 17.89 cm,
whilst that of the fuel rods within each element was 1.97 cm. The Zircaloy-clad
fuel rods were 1.51 cm in diameter, and the pellet was 1.29 cm. The active
fuel length was 271.80 cm.

The fuel rods were located and supported at their ends by stainless
steel tie plates and held in position along their length by stainless steel
spacers (total equivalent weight of SS spacers, 1500 gr). Eight of the peripheral
fuel rods (tie rods) had threaded end plugs and were secured to the tie plates
to form a box-like structure,.

The fundamental criterion foilowed in the nuclear design of the pluto-
nium elements was that their reactivity life and maximum rod power density
were to be the same as those cof the reload enriched uranium elements. With
regard to the critical experiments, however, it should be noted that, because
of the different conversion ratio and of the different hot-to-cold swing, the
initial Koo of the standard plutonium elements and mixed uranium-plutonium
elements in cold condition is by a few percent greater than the K, of the

enriched-uranium elements,

3. Criteria followed in the performarce of the criticality experiments

The purpose of these experiments was to assess the accuracy with
which the calculation method determines the K., of the plutonium elements.
In order to obtain meaningful information, it was considered appropriate
first to form a critical assembly with all enriched-uranium elements and
then to replace these elements one at a time with a plutonium element. Neu-
tron leakage in the radiai directionis veryhighintnrnésecritical assemblies
and any‘errors inits evaluaticnmay compensate the errors inthe determination
of Ko,. Thecriterionof retaining the same geometry inall the critical assemblies
would permit any error inthe evaluation of neutrcnleakage to be approximately

the same for all the critical assemblies,



The reactor control system (control rods) was not the best suited for
the intended purpose; it was therefore necessary to limit the number of re-
placement plutonium elements in order to assess the reactivity variations
with the technique of rising and falling period, thus avoiding the need

for a complete calibration of the control rods which is never quite feasible.

4. Critical configurations

The critical assemblies were formed in the reactor pressure vessel,
For this purpose the elements of a whole core quadrant were discharged to
leave room for the critical assemblies, The latter were separated from the
irradiated elements by a water belt at least 60 cm wide, which was enough to
exclude any chance of neutron interaction and to lower the gamma background
to acceptable limits (Fig. 4).

As expected on the basis of the theoretical evaluation, seven enriched-
uranium elements were required to attain criticality. The first criticality
was obtained with seven control rods (E9, E10, F8, F9, F10, G9, G10)
banked to notch in the midst of or adj;cent to fuel elements ,(X)

Period measurements, carried out about 30 hours after first critical-
ity, showed no reactivity variation in time. It was found that when the two
control rods, ¥9 and F10, surrounded by the fuel, were inserted one more
notch, the five control rods around the edge of the load could be fully with-
drawn, Control rods F9 and F10 were then calibrated around notch 18 by
the technique of successive rising and falling periods.

The various configurations obtained with the successive replacements

were:(Fig. 5):

- Configuration II : . A standard plutonium element loaded into
a corner position

- Configuration III ; . The standard plutonium element shifted to
the opposite corner position

- Configuration IV : . The standard plutonium element loaded into

a more central position

(%x) A detailed description of the procedures and of the problems encountered
is given in Appendix V.



- Configuration V: . A mixed uranium-plutonium element sub-
stituted for the plutonium element in the

preceding configuration.

Calibration of rods F9 and F10 was repeated for the various configura-
tions. Thus, it was possible to make several configurations with the control
rods at the same levels, so that the A K involved in a replacement could be
assessed on the basis of the difference between the related periods.,

Configuration III, which is practically equal to Configuration II, was
formed to check the reproducibility of a critical configuration.' The
only difference was that in Configuration II control rod F9 was adjacent
to a plutonium element, whe’reas in Configuration III it was completely
surrounded by uranium elerlr’lents;

The water temperature at the inlet and outlet of the unloading system
remained practically constant at 23" C throughout the tests. Chemical analyses

of the water did not reveal the presence of any poison in the moderator.

5, Power distribution measurements

5.1 Measurement technique

The power distribution measurements consisted in slightly irradiating
the fuel elements of a critical assembly and in monitoring the 1.6-MeV gamma
activity of the Ba-140/1.a-140 chain on the individual rods.

The La-140 gamma scan was preferred to the measurement of the
total fission product gamma aétivity because the decay law of the Ba-La chain
is obviously independent of the fissile material composition, and the correla-
tion factor between gamma activity and power can be calculated with fair
approximation for various types of rods. This is not so for the total gamma
activity. |

Indeed, a few preliminary measurements of the total activity, per-
formed previous to the formation of the critical assemblies (Appendix I),

had indicated a substantial difference between the decay laws of the various



types of rods. The acceptance of these laws would have entailed a periodical
scan of all the typical rods (seven) which it was instead desirable to avoid in
order to safeguard rod integrity and minimize measurement times. In addi-
tion, it was practically impossible to obtain the gamma activity/power cor-
reiation factors for the various types of rods with sufficient precision other
than by supplementing the total gamma activity values with those of the La-140

activity,

5.2 Fuel rod irradiation and handling

Symmetry requirements led to the choice of an assembly of nine fuel
elements in a 3x3'array; -Four were enriched-uranium elements, four were
mixed plutonium-uranium elements and the one in the center was a standard
plutonium element in order to provide a wider range of information,

The reactivity of this critical assembly was estimated previously by
means of a 5-group bidimensional diffusion calculation. On the basis of the
information obtained through this calculation, the four uranium elements
and the central plutonium element were housed in stainless steel rather than
Zircaloy flow channels, to limit the excess reactivity of the assembly and
thus the degree of control rod insertion. The use of the stainless steel flow
channels lowered the Kgff to 1,006,

Under these conditions it should have been possible to obtain a suf-
ficiently flat radial power distribution at a level of interest without any
disturbance from the control rod bank. The configuration thus selected
(Fig. 6) was characterized by a high degree of symmetry and by the presence
of.all three types of elements in one octant, This permitted the gamma
s.c'anning to be concentrated on the rods of an octant,

With the control rod bank nearly all out (70 cm insertion, corre-
sponding to A K = 0.006), the 3x3 configuration reached criticality, thus
confirming the theoretical prediction,

The nine-element assembly was irradiated at a neutron flux of about

109 nv for about an hour.



The irradiation conditions had been established previously on the °
basis of preliminary measurements taken on specimens of three
types of the rods contained in the fuel elements (see Appendix I).-
These conditions represent a satisfactory compromise bétween the
requirement of sufficientl.a-140 gamma activity for the measurement, and the
necessity of keeping the radiation level low enough to permit rod handling without
undue exposure of the personnel. A second set of specimens was placed inside an
aluminium dummy element located at the boundary of the 3x3 configuration (Fig. 6).
This second set was used to check the gamma activity decay laws, because the
impracticability of handling the rods did not permit them to be subjected to
periodical measurements,

Three fuel elements, that is, one reload fuel element, one standard
plutonium and one mixed uranium-plutonium fuel element present in the same
octant, were all transferred to the pool and allowed to decay for fourteen days.
This waiting period was necessary to obtain meaningful data from the La-140
gamma scan. Indeed, after about twoweeks from irradiation, thel.6-MeV gam-
ma activity of La-140 is still high, and the interference of the other fission
products is negligible,

After this hold-up period, the elements were decontaminated and trans-
ferred one at a time to the fresh fuel vault where they were disassembled and
gamma-scanned. In this manner, handling of the plutonium rods occurred in
a restricted area and could easily be kept under control,

Before starting the disassembly operations, the element was moni-
tored to ascertain that the dose was lower thanthe specified limit, The station
equipment normally used for fuel element inspection was employed for the dis-
assembly (Fig.7). The personnel assigned to this operation had been trained
on a full-scale fuel element mock-up, specially procured for this purpose.

Disassembly consisted in removing the upper tie plate from the eight
tie rods (Fig,8). Since the other rods of the fuel element simply rested on the
lower plate, they could be raised manually with the aid of a constant-load hoist.
Once removed from the fuel element, each rod was placed in an aluminium pro-
tection tube (Fig.9) where it remained throughout the transfer and counting
operations up to the time it was to be placed back into the fuel element,

Not more than two rods wereremovedatatime to avoid the risk of

altering the fuel element arrangement and jeopardizing its rigidity,



5.3 Measurement equipment
The equipment used for gamma scanning comprised:
- An auxiliary system for positioning and rotation of the rods (Fig. 10).
- A shielding and collimation system made of lead bricks.
- Two counting chains, each consisting of a photoscintillator (Nal), a multi-
channel (400 channels) puls‘e analyzer and a fast printer (Figs 11 and 12),

The rod positioning and rotating system comprised a jib crane for the
vertical movement of the protéction tube, a hooking and ball bearing rotating
system, a fixed system to guide the aluminium tube in front of the slit in the
shield, and a locking and rotating system.

The shielding and monitoring system consisted of a parallelepiped
lead-brick shield enclosing two photoscfhtillators with a 2''x2" Nal¢rystaland
the related preamplifiers, The two detectors were located in front of the
collimator at an angle of 30  and at a distance of about 15 cm from the rod.
The collimator was 3 cm wide. The entire system weighed three tons and
was supported by a steel base about 3 m high.

The size of the collimator slit was chosen rather large to minimize
the influence of pellet dishing.

The pulse analysing system comprised two 400-channel spectrum
analyzers of LABEN make, complete with HV power supplies, amplifier, -
timer, integrator between two preset channels, multiscaler and printer of

the memory content,

5.4 Details of the measurements (%)

With the equipment described above it was possible to duplicate the
measurements and at the same time to determine the 1.6-MeV gamma ac-
tivity of La-140 by integrating the pulses over the whole area of the 1.6-MeV
gamma peak, and the total gamma activity by integrating the whole gamma
spectrum starting from 480 keV (Fig, 13). It was thus decided that also
the data relating to the total gamma activity should be collected as they

might be valuable for the purpose of checking the main measurements,

(%) The procedures followed in the measurements are described in Appen-
dix II.



The measurement time was varied from one rod to another so as to
have a statistics of about 100, 000 counts for La-140 activity each time.

The number of counts relating to the total gamma activity was about 15
times higher, \

The rods were monitored about 167 cm from the bottom of the rod,
corresponding to the maximum axial flux level (upper level), so as to reduce
counting times (Fig. 14). At the same time, this point was far enough from
the control rod insertion level (approximately 70 cm) to have practically no
disturbance from the control rods.

Burn-up conditions were optimized to perform a measurement un-
disturbed by control rods. However, since fuel rod activation, even though
very low, could be measured at control rod level, it was deemed advisable
to perform gamma scanning at a lower level (about 52 cm from the bottom)
in order to ascertain the experimental power distribution also with the con-
trol rods in,

The data relating to each rod were immediately processed and checked
in order to establish whether the measurement was to be repeated before the
rod was reinserted in the fuel element, and consequently to avoid handling
the rods more than once.

The check consisted in:

(1) verifying the constancy of the ratio between the data supplied by the
two counting chains;

(2) comparing the ratio of the La-140 activity to the total gamma activity
(characteristic of each rod type) with the ratio determined on the basis
of the preliminary measurements on rod samples;

(3) checking the ratio between the experimental power value and the theo-
retical one obtained through the two-dimension calculation method used

for the programming of this experiment,

It was also necessary to perform several measurements on symmet-

rical positions of the critical assembly, because the experiment was con-
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ducted on the actual fuel and equipment of a power reactor rather than on an
ideal critical facility. Therefore, a total of 125 rods were subjected togamma
scanning. Of these, fifteen were also given an axial scan for the purpose of

checking the axial power distribution at the levels considered in the experiment.

6. Analysis of experimental results .

6.1 Criticality experiments

The Kegs value for the critical assembly formed by seven enriched
uranium elements and with all the control rods out was estimated to be
1.0109 + 0.0050. This value was determined on the basis of the average
notch reactivity of control rods F9 and F10 (measured at notch 18 by means
of the rising and falling period technique) and the calibration curve of the
Garigliano reactor control rods.

Table I shows the differences in Kefr values obtained from the pe-
riods measured for the various configurations with the control rods at the

same level,

TABLE I

Configurations hK=KeffA-KeffB +E Control rod position (notch)

A B pcm pcm F9 F10 Remainder
II I 246.1 4.9 17 17 35
III I 229.7 5.2 17 17 35
Vv I 189.4 4.5 17 17 35
111 II -16.5 4.1 17 17 35
v II 149.7 3.6 16 16 35
A% II - 41,2 4.4 16 16 35
A% 1II - 56.7 3.0 17 17 35
A% II - 46.3 4.1 17 16 35
A% 111 - 33.6 5.0 16 16 35
A% 111 - 40.2 3.4 17 16 35
A% v -194.2 24 .4 16 15 35
| A% v - 190.9 5.6 16 16 35
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In determining the ''mean square error'' of period measurements, consid-

eration was given to:

a) uncertainties due to defective point alignment on the charts because of in-
correct change of scale or other equipment defects;

"waiting time''. The waiting time was de-

b) intrinsic error dependent on the
termined so as to obtain an error of about 1%, and at any rate not higher

than 5%.

The mean square error does not include possible systematic effects nor ‘
other causes of errors that could not be investigated. One of them is the
core temperature variation during the experiment, because this was controlled
at the unloading system inlet and outlet and not by means of a thermocouple
inside the core. At any rate, since the channel was completely flooded during ;
the experiment and the water was continuously recirculated, it is reasonable
to assume that the temperature readings were correct,

Besides, in order to shorten the measurement time, no effort was made
to respect the original position of the U-235 elements during the experiment,
and a change in position was allowed among those that were of minor neutronim-
portance, This could cause areactivity variation due to imperfectfuel homogeneity.

During plant startup tests, fuel uniformity tests were performed, which
showed that the mean square error connected to this effectis 0.53x 1074 A K/K.
As it is reasonable to believe that the uniformity of the new fuel batch is equal
to that of the first core load, the above figure may well be assumed as the contribu-
tion of fuel disuniformity.

The A K measured between the II and III configurations was slightly higher
than the mean square error; it is difficult to ascertain whether the resulting
A. K is due to the worth reduction control rod F9 owing to the effect of the Pu
fuel element, or whether it represents the error due to non-reproducibility
of the measurement,

The Keff of the 3x3 configuration with all the control rods out was estimated

equal to 1.00560 + 0.00050 by the same procedure as described above,
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6.2 Power distributions

6.2.1 Level not affected by the control rods

The La-140 counting rates were corrected for the background and for the
activity of the fuel rods before irradiation. The background radiation was checked
every twelve hours. The activity of the fresh fuel rods was evaluated from meas-
urements performed on the three specimens prior to their irradiation,

The counting rates were all brought back to the reference time (14 days
after irradiation) by using the Ba-La chain decay law obtained from periodical
scanning of the three rod specimens over the whole duration of the experiment,
The resulting decay law is an exponential with a half-life of 12.6 days versus
the figure of 12.8 days given in the literature.

The two sets of fuel rod data obtained from the two counting chainswere
appropriately normalized one to the other and averaged. The La-140radioactivi-
ty thus obtained was converted into power density by means of the conversion fac-
tors evaluated for each rod on the basis of the macroscopic fission cross-sections
of the individual isotopes and the related fission yields (Appendix III), The cross-
sections were obtained with the calculation method used for the programming of
the experiment, On the basis of the experimental distributions of 019/0‘? meas-
ured at Winfrith(l), it was possible to ascertain that the calculation method
assesses this ratio within + 5%, Therefore, the error committed in passingfrom
La-140 activity to power density is, at the most, 0.2%,in the worst case (rods
enriched to 0.74% in fissile Pu), This error is negligible. In addition the fis-
sion cross-sections are the same as those inthe calculation method used for
the theoretical-experimental comparison; for this reason, the error was not
taken into account in assessing the precision of the experimental data.

At this level, the 3x3 configuration is characterized by a diagonal sym-
metry due to the influence of the neutron source,

In giving the experimental distribution of the power densities (Fig.15),
the data relating to each set of symmetrical positions were averaged., The
values indicated in Fig.15 are affected by a standard deviation of + 0.7%,
which includes the random error, the error associated with the correctionfor

decay and the error due to engineering tolerances.
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The random error was evaluated from the scattering of the counting rates
attained for each rod by the two measurement chains (6 = + 0,2%). The standard
.deviation related to the best fitting of the exponential function to the decay data of
the three rod specimens, net of the statistical component, represents the contri-
bution to the error for the decay correction (o = 0.4%).

The scattering of the values related to symmetrical positions in respect of
their average gave a standard deviation of + 0.5%, net of the statistical fluctua-
tions. This value represents the effect of irregularities within the manufacturing
tolerances on the power density; these irregularities may involve mainly the
density of the fuel and its fissile content, or the lattice pitch of the rods.

The power densities obtained from the La-140 activity measurements
were checked through comparisonwith the corresponding values derived from proc-
essing of the total gamma activity data, The procedureisdescribedin Appendix IV,
Paragraph 1.

The comparison confirmed the power density values obtained from the
La-140 activity measurements; the standard deviation between the two experi-
mental power density distributions was + 0.64%.

The analysis of the data relating to axial scans indicated that the pertur-

bation dueto partially inserted controlrods is practically nil at thelevel in question.

6.2.2 Level influenced by the control rods
At this level, the gamma activity of the fuel rods proved to be very low
because of the high depression in the neutron flux caused by the control rodbank.
As a result, in this case the combined contribution of the natural background and
rod activity prior to irradiation--the latter being quite negligible at the upper
level--represents a substantial component of the total activity. Consequently,
there is an appreciable increase inthe uncertainty degree of these data not only due
tothe small number of counts, but also due to an incomplete knowledge of the ac-
tivity of the individual rods prior to irradiation. In fact, for mainly practicalrea-
sons, the background evaluation of each individual rod was merely based onthe
extrapolation of the data measured in the specimens of three rod types.
Measurefnents of non-irradiated specimens indicated a strong variation
in the total gamma activity from one rod type io the other, but it is thought
that said activity may vary, though less remarkably, also in rods of the

» same type, especially in the plutonium ones.
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The La-140 data are affected by a statistical error greater than that
of the total gamma activity, because the related counts represent only a portion
of the whole spectrum. Nevertheless, the power density values obtained from
La-140 appear to be more promising since the component of the activity due to
the natural and rod background is much less important than in the case of the
total gamma activity. In less activated rods, which are closer to control rods
and to the reflector, this component amounts to 65% of the total gamma activity
versus 30% of the L.a-140 one. Moreover, it is justified to assume that fluctua-
tions in the background component of rods of the same kind are negligible when
only the activity of LLa-140 is considered. These fluctuations are probably due
to traces of fission products present in the plutonium as reprocessing residues;
the gamma activity of these fission products does not interfere with the 1.6 MeV
activity of La-140,

The experimental data were processed as described in Appendix IV,
Paragraph 2, The analysis showed a systematic discrepancy between the
values of the La-140 gamma activity and those of the total activity; on the
basis of the aforesaid considerations this discrepancy appears to be mainly
due to the uncertainty in the total gamma activity data resulting from the
strong component of the rod background.

Fig. 16 shows only the power distribution obtained from processing
the La-140 activity data by a similar procedure to that described in Para-
graph 6.2.1. The statistical error of these measurements is estimated to
be 2.5%, net of the error relating to the background, for the determination
of which sufficient elements are not available.

The other error components, such as those associated with the decay
law and manufacturing irregularities, are distinctly smaller than the two
pi‘eceding errors and are therefore negligible,

An indication of the total error affecting these .experimental data can
be provided by the standard deviation between the values of power densities
from the total gamma activity and those derived from the gamma activity of

La-140, after normalization, that is, + 8.3%.
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6.2,3 Fine-structure effects

A number of interesting, fine-structure effects were observedas a result of
carrying out the experiment on actual reactor fuel and hardware rather than on
ideal critical facilities. With regard to axial power distribution, they included:

a) The depression (v 4%) noticed in all the fuel rods not adjacent to the spacer-
capturing rod, due to the steel spacer grids (Fig,' 14).

b) Slightly pronounced peaks (v 4%) (Fig. 14) present only in the rods adjacent to
the plutonium spacer-capturing rod;these peaks are caused by a thermal flux
rise inthe Zircaloy end connectors., The effectis notvisible in enriched-
uranium spacer-capturing rods where the thermal flux increase in the end con-

nectors is probably smaller and is compensated by the absorption in the grids.'

In the radial power distribution, the following was observed:

¢) The effect on rod power densities due to rod manufacturing tolerances. This
effect was evaluated by comparison of a significant number of symmetrical
rods, The value obtained (average: io; 5%) is net of the standard deviation
of the measurement,

d) Strong effect of the neutron source on the power level of the corner rod ad-
jacent to the source (about a 15% local reduction) (Fig.' 15);

e) Power depressions in the peripheral fuel rods closest to the aluminium dum-

my assemblies (Fig. 15).

7. Comparison between the experimental data and the calculated values

7.1 Theoretical models

The Ke and power distribution of the critical assemblies was estimated

ff
with the standard technique that ENEL uses, among the other, for the design

of plutonium elements. This technique is based on the combination of the

(2) (3)

5-group RIBOT “/ and SQUID "’ codes (with energy cut-off at 0.2 ev, 0,625 eV,

5.53 keV and 183 keV), already checked by ENEL on experimental power dis-
tributions of other critical assemblies(l);
The RIBOT code, developed by CNEN, performs a cell calculation for

each type of fuel element rod, and provides 5-group lattice constants., For
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the bidimensional diffusion calculations, use is made of the SQUID code which
is characterized by a complete matrix of transfer cross-sections. The RIBOT-
SQUID system, characterized by the division of the neutron thermal range in
two groups, permits a more accurate representation of the events affecting

the thermal component of the neutron spectrum, since it can take into account
the thermal spectrum changes near the water gap or near the contact areas
between uranium and plutonium fuel rods. In addition, the use of three fast
groups permits a better evaluation of neutron leakage. This is of special
importance when the Kets of small critical assemblies is to be estimated.

The comparison was extended also to a more widespread calculation
technique, such as the one based on the FORM(4) and THERMOS(S) codes,
Here again, the bidimensional diffusion code was SQUID with three neutron
groups, of which only one was thermal (energy cut-offs at 5.53 keV and
0.625 eV).

In the core representation at least three meshes were used for each
lattice cell of the fuel element.

The calculations were performed on the basis of the average fuel
density and fissile content for eachtype of rod. However, in order to
ascertain the effect of variations of these quantities on the power distribu-
tion, a calculation was performed for the plutonium element, the actual
values of which were certified. The results were compared with the power
densities derived from the average values; the variations were small, being
on the same order as was obtained from the comparison of the power densities
measured on symmetrical rods,

The lattice constants of materials not forming the fuel cells were
calculated with the GGC .,II(G),

In the diffusion calculations, the control rods were representedby
special parameters, i.e. absorption cross-sections for fast and epithermal
energy groups, and extrapolation lengths applied to the external surface of
the rod sheath for the thermal groups. The area where the rod blades

intersect was represented by the lattice constants of steel-water mixture.
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The most suitable calculation method to obtain the control rod para-
meters is on the transport theory. For this purpose, the one-dimension
DTK code(7) was applied to a slab model by utilizing a library with 18
energy groups (four of which are thérmal) prepared by means of the
GGC-II code. The control rod is represented by two homogeneous regions,
the first of which is constituted by the steel-clad boron carbide rods and by
the cooling water, and the second by the control rod sheath. The fuel is also
subdivided into two regions, of which the peripheral one corresponds to the
less enriched rods (Fig. 17b).

From the calculation with the DTK code the control rod neutron ab-
sorptions were obtained for the various energy groups. By employing the
same geometrical model used in the transport code, this calculation was
repeated with a diffusion code (SQUID), in which guess values were used
as representative parameters of the control rods. By means of iterative
calculations it was possible to establish the values of the parameters that
used in the diffusion theory give the same neutron absorptions as provided
by the transport theory.

The calculations with the SQUID code were performed with three and
five neutron groups in order to obtain the parameters to be employed with
the FORM-THERMOS-SQUID technique and with the RIBOT-5-SQUID tech-
nique, respectively.

The calculations were performed for the uranium and plutonium fuel
elements in zirconium or steel channels, adjacent to a control rod. It was
observed that the different fissile material content (uranium or plutonium)
of the fuel elements adjacent to the control rods affects the parameters
representing the control rod, whereas the effect of the channel material

(.zirconium or steel) can be considered negligible.



17..

7.2 Consistency of the experimental and theoretical data

7.2.1 Criticality evaluations

Tablell shows the K ¢; values calculated for the various fuel element con-
figurations and in the assumption of fully withdrawn control rods, together with
the values derived from the experimental results,

Consistency with the experimental data appears to be satisfactory for

both calculation methods.

TABLE II
Conficuration Experimental Keff from Keff from
g Kefr RIBOT-5-SQUID | FORM-THERMOS-SQUID.
I 1,01090+0.00050 1,00800 1.01560
II - III 1.01328+0.00050 1.01070 -
v 1.01486+0.00050 1.01375 1.02140
Vv 1.01280+0,00050 1.01130 -
3x3 1.00560+0,00050 1,00600 1.00900

A morestringent check is provided by the comparison of the A K values
arising from replacement of an enriched-uranium element with a plutonium

element in the all-uranium configuration (Table III).

TABLE III
Experimental| A K from A K from A K from
AK RIBOT-5-SQUID | FORM-THERMOS-SQUID | RIBOT-5R)-souib
ARy g pem| 238 £ 9 2170 - 210
AKIV_chm 388 + 70 575 580 445
+ -
Ay ¢ pem 191 + 7 330 267

R = revised library
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This comparison evidences a tendency of both calculation methods to
overestimate the /A K resulting from the replacement of one enriched-ura-
nium element with a plutonium element, The overestimate is iess appre-
ciable when the replacement is made -in a corner position of the configura-

tion.

The fact that this tendency is common to both calculation methods,
notwithstanding the different number of neutron groups, might indicate an
overrating of the Pu-239 multiplication properties provided by the code
libraries.

The calculations were repeated with a reduced epithermal fission in-
tegral of Pu-239 of the RIBOT-5 library from 338 to 293 barns according
to a recent code revision(8), The related results shown in the last column of

Table Ill are in good agreement with the experimental values.

7.2.2 Power distributions

The power distributions relating to the two gamma scanning levels
were calculated with both techniques described above, that is, one based
on the RIBOT-SQUID system and the other based on the FORM-THERMOS-
SQUID system.

Figs 18 and 19 show the percentage deviation between the calculated
and experimental values of the power distributions for the level without
control rods.

The results of the two calculation techniques are fairly consistent with
the experimental data (o< + 2%), more significant deviations being observed
on the rods at the border of fuel areas having very different characteristics.
The values obtained for the corner rods with the FORM-THERMOS-SQUID
technique show a systematic deviation in respect of the experimental data.
This deviation cannot be found in the results obtained with the first calcula-
tion method because of the adoption of the two thermal groups.

At the level characterized by the presence of control rods, the devia-

tions between the theoretical and experimental values are greater, as evi-
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denced in Fig; 16, which provides a comparison between the experimental
power distribution and the theoretical one calculated with the RIBOT-SQUID
method; The values obtained withthe FORM-THER MOS-SQUID system are
not indicated as they do not differ substantially fromthose obtained with the
preceding method. |

Because of the great uncertainty by which the experimental data are af-
fected, it is practically impossible to perform an analysis of the errors due
to the calculation method. However, from Fig; 16 it can be noted that the
deviations are distributed in a systematic pattern, the largest occurring in
the fuel rods adjacent to the control rods, with opposite signs on the two
sides. This trend may be due to off-center positioning of the control rods,
which is actually possible also because of the 5-mm clearance between the
control rod and the fuel sheath.

To confirm this assumption a theoretical evaluation of this effect was
performed with the transport code DTK for a control rod in the farthest off-
center position, that is, with one blade leaning completely on the sheath of
one fuel element (Fig; 17 a);

On the fuel cells closest to the control rods, the effect determined a
variation of about i14%, that is, consistent with the value deduced from
the deviation between theoretical and experimental values.

On the basis of the above considerations it seems that, at the time of
the experiment, control rods E10, F10 and F9 were all positioned more or
less eccentrically;

By applying the eccentricity correction factors derivable from Fig.‘ 17
to the theoretical power distribution, a standard deviation equal to +5% is
obtained which does not seem large in the light of the uncertainty on the

actual control rod position and the measurement data.
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8. Conclusions

The information provided by the criticality experiments in the Gariglia-
no reactor usefully supplement the experimental data available for the design
of plutonium fuel elements. For these experiments, prototype plutonium ele-
ments were designed and used as normal reload fuel in the Garigliano nuclear
power station. Thus the resulting data differ from those of similar experi-
ments in that they include:

- power density distributions associated with highly heterogeneous lattices
(three or four enrichments per fuel element, water gap, presence of con-
trol rods);

- reactivity variations following replacement of enriched-uranium elements
with plutonium elements,

These experimental data are satisfactorily accurate . The technique used
for power density measurements (gamma activity scanning by means of a Nal
crystal) proved its outstanding capabilities and its extreme effectiveness,
because it revealed minor differences in power density, such as those due to
the manufacturing tolerances.

The good agreement between the experimental values and those obtained
with the calculation methods adopted by ENEL (RIBOT 5 - SQUID and FORM-
THER MOS-SQUID), already observed in previous criticality experiments,
was fully confirmed in this case. The power density was calculated with a

standard deviation less than 2%, and reactivity with an error below 0.5%.
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APPENDIX I

PRELIMINARY MEASUREMENTS TO SET DOWN OF THE TECHNIQUE
FOR GAMMA SCANNING OF Pu FUEL RODS

The purpose of the preliminary measurements was to:

a) Test the equipment,
b) Determine the variation of the fission product spectra with time,
c) Determine the irradiation and decay times; neutron flux levels; doses to

the personnel handling the elements.

e) Train the personnel destined to perform the measurements onthe fuel elements.

Six fuel rod specimens were purposely procured to perform the preliminary

measurements; their isotopic compositions were:

- Two specimens with 0,74% of fissile Pu (Pu- A type)
- Two specimens with 2,855% of fissile Pu (Pu- C type)

- Two specimens of2.41% enriched uranium (U).

These specimens are 15 cm long and have the same structural charac-
teristics as those of the plutonium and enriched uranium fuel elements shown
in Fig. 20,

The six specimens were divided in two sets of three specimens each.
The first set was used for the preliminary measurements, while the second
was to be used to check the decay laws of the gamma activity during rod

scanning and was therefore to be irradiated together with the fuel elements.

1, Measurement program

The measurement program was divided into the following three phases:

a) Measurement of the neutron fluxes in the irradiation channel.
b) Adjustment of the measurement system and specimen irradiation,

c) Measurements proper.
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Copper disk monitors 9 mm in diameter and 2 mm thick were used for
the thermal neutron flux measurements; the monitors were always irradiated
in pairs and one or two of them were covered with a cadmium layer in order
to obtain the thermal flux and epithermal component,

After irradiation, the monitors were subjected to counting by means of
a 2''x2'"" photoscintillator and a multichannel analyzer. The detection system

22 gource calibrated at 2%.

was calibrated by using the 511-keV peak of a Na

Besides, by means of a tungsten wire and later of a copper wire, the
neutron flux distribution was measured along the channel provided for the
irradiation of the three specimens. This channel, which is normally used to
insert a neutron counter as a reactor controlinstrument, crosses the main
biological shield transversally until it nearby reaches the gap between the
shield and pressure vessel in correspondence of the core mid-plane, and then
it returns to'the center of the shield. In the zone in front of the core a certain
length of the channel is enclosed by a lead sleeve.

Fig. 21 shows the neutron flux distribution in this channel; it can be
noted that the only section with an acceptable flux rate is that included between
a depth of 11.5 and 12.5 m: this is the section used for the irradiation of the
rod specimens.

The second phase included calibration of the two detection chains and a
first adjustment of the measurement technique. Subsequently, one each of
the three specimen types were irradiated together with the flux monitors,
Each rod specimen was irradiated for 60'.

The neutron fluxes and cadmium ratios for the three specimens are the
following:

?A , n/cm? sec RC
U specimen 5.0 x 10° 6.4
9 4.4

Pu specimen- C type 2.7 x 109 3.6

Pu specimen- A type 3.1 x 10
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The day after irradiation, the fission product distribution was meas-
ured along the three specimens by means of a detection system provided with
a 3 mm slit, Distribution was rather uniform in the central part of the spec-
imens, Finally, the specimens were inserted in one of the aluminum guide
tubes provided for the fuel element rods. |

The third phase included:

a) Measurement of the background radiation spectra of the three spec-
imens at different times.
b) Measurement of the radiation level on the aluminum guide tube in corre-

spondence of the specimens,

2. Description of the gamma spectra measurements

The measurement technique of the gamma radiation spectra is the

following:

a) Forthe counting,the aluminum tube was positioned in succession at
notches corresponding to the specimen positions.

b) The analyzer was calibrated on 400 channels, (bias at 200 keV) (%) ", cor-
responding to 5 keV /channel,

c) For the gross-gamma measurements, the peak at about 480 keV was taken
as reference and the integral was extended from the 10th channel preceding
the peak to the remainder of the spectrum,

d) Since the 480-keV reference peak was not always symmetrical in respect ofa
given channel, correction was made by means of a computer program which
determines the fraction of counts pertinent to the 10th channel, to be added
in the integral.

e) The 1,6-MeV La-140 peak occurred between channels 268 and 272; by
operating the amplifier it was possible to keep the peak within these limits,
except for few days. At any rate, it was experimentally demonstrated that

even when the peak moved to channel 277, the integral was constant, at least

within measurement errors.

(%) between 0.2 and 2.2 MeV
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3.

normalized to a thermal flux of 1 x 10° n/cm

1-4

Integration was performed on 40 channels, selecting the first and the last
one across the peak so that their connecting line was horizontal;
when this was not possible, two adjacent integrals were averaged so that
the lines connecting the extreme channels crossed each other with opposite
inclinations,

The background radiation was measured first with the non-irradiated specimens
in front of the collimator and later withoutthe specimens;subsequently, the
background radiation was measured every day without the specimens. The
difference between the two first measurements represents the contribution
of the non-irradiated uranium and plutonium to the background and must be
subtracted from all the spectra; the daily measurements indicate

the contribution of the external radiation or background propér, which has

to be subtracted from each spectrum,

Measurement results

1 Radiation levels

Figure 22 shows the curve of the radiation level, as a function of time,

2 sec for the capsule with the

highest activity, that is, the type C plutonium capsule with 2,855% of fissile

Pu,

On the basis of the results in Fig, 22, in order to estimate the radia-

tion level on the upper part of the fuel element to be disassembled and re-

assembled for rod gamma scanning, it was necessary to make some empir-

ical-theoretical assumptions. In fact, because of the complicated geometry

and poor accessibility to the measurement points, it was only possible to

estimate the order of magnitude of the radiation levels,

An extrapolation was attempted on the basis of the following data:

a) A level of about 1 mRem/h was measured on the surface of the non-ir-

radiated capsules.

b) After 15 days' decay, about 10 mRem/h were measured, on the surface of

the non-irradiated capsules.
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c) A radiation level of 5 mRem/h was measured in contact at mid-height of
the non-irradiated fuel elements, stored in the measurement room, and
0.5 mRem/h in the upper part.

d) By means of a simple proportion it was possible near mid-height of the
irradiated fuel element after 15 days' decay to foresee a dose of 50 mRem/h
and of 5 mRem/h on the head. These doses are sufficiently low to allow the

disassembly and re-assembly of the fuel elements,

3.2 Gamma spectrometry measurements

Table 4 summarizes the results of the gamma spectrometry meas-
urements for the period comprised within the 15th and 30th day from irradia-
tion.

Column I shows the number of filed spectra; column 2, divided in three
parts, gives the date, time of measurement and the hours elapsed between ir-
radiation and the measurements; column 3, also divided in three parts, one
for each capsule, shows the gross-gamma integral, expressed in pulses/
second, net of the background and of the natural activity of the specimen;
column 4, divided in three parts, shows the integral on the IL.a peak, ex-
pressed in pulses/sec, net of the background and natural activity of the

rods; column 5 shows the time function f(t) for the L.a-140 decay.

4, Analysis of the results

4.1 Measurements of the total gamma activity

On the basis of the information provided in the literature, an effort
was made to find an analyti¢al formula which would show the gross gamma
results (C) in the form:

C=A t_B

where A is a constant dependent on neutron flux, macroscopic fission cross-
section, detector efficiency and source geometry

B is a constant dependent only on the type of fuel analyzed.
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ANALYSIS OF SPECTRA -~ CHAIN |

(Values of integrais In cps)

TABLE IV

[ DATE GROSS-GAMMA INTEGR, L¢140 INTEGR.
N f(r)
Spectruny Day Hour ATh u Pu "A" Pu *C" u Pu "A™ Pu "C"

16 27-5 16,30 3350 1170,5 770,5 1547,3 95,7 57,4 $113,1 0, 4567
17 28 9,30 3520 1110,6 715,7 1447,8 93,0 55,0 108,0 0, 4498
18 28 16,00 3585 1091,7 - 703,7 1413,7 50,7 54,4 107,0 0,4434
19 29 10,30 377,0 1022,7 667,2 1332,4 86,8 52,3 100, 4 0,4258
20 29 16,00 3825 1010, 2 656,0 1310,6 85,75 51,4 100,6 0,4207
21 30 10,30 401, 0 953, 1 620,5 1232,9 82,0 49,0 96,1 0, 4037
22 30 17,00 407,5 949, 2 614,4 1214,5 81,8 49,1 95,0 0,3980
23 31 10,00 424,5 898, 1 584,1 1157, 8 77,7 47,4 91,5 0, 3833
24 31 16,00 4305 884, 9 574,5 1138,6 76,7 46,0 90,2 0,3781
25 1-6 11,30 4500 836,2 548,7 1046. 6 73,1 44,5 85,7 0,3620
26 2 11,00 4735 796, 3 506, 4 1018 1 70, 05 41,2 80, S 0,3434
27 3 10,00 496, 5 758,7 484,5 964, 4 66,2 39,96 77,2 0,32616
28 3 16,30 5030 748, 9 478,8 948, 6 65,8 39,0 76,4 0,3214
29 4 10,00 5205 714,5 462, 4 910,1 62,3 38,4 73,0 | 0,3093
30 4 16,00 5265 703,1 455,7 894, 2 60,8 37,0 72,2 0, 30475
31 5 17,30 5520 672,2 429,6 852, 8 58,9 35,3 68,1 0, 2878
32 6 11,00 5695 649,7 412,8 821,0 56,8 33,7 65,5 | 0,2733
33 6 16,30 5750 643,7 406, 3 810,3 56,3 33,3 64,7 0,2733
34 7 10,00 5925 613,8 399, 4 783,3 53,5 32,2 62,8 0,2627
35 7 16,30 599,0 610, 2 394, 6 774, 2 52,8 31,5 62,2 0, 2589
36 8 11,00 617,5 591,2 377,8 746G 4 56, 45 30,1 58,8 0, 2484
37 9 10,30 6410 568, 1 357,0 712,9 48,1 28,3 56,0 0, 2355
38 10 10,00 664 5 535,2 347,0 682 3 45,0 26,9 53,3 0,2234
39 10 16,30 671,0 528,5 345,7 675,6 44,1 26,95 52,6 0, 2201
40 11 9,30 688 0 516,5 332,8 - 654, 3 43,0 25,95 50,1 0,2119
41 11 16,30 695,0 509, 1 327,6 645, 5 42,3 25,6 49,9 | 0,20855
a2 | 12 10,00 712,5 497,2 319,6 623,0 41,4 24,6 47,60 | 0,20044
43 12 16,00 7185 493,3 315,2 622,8 40, 24 24,18 47,23 | 0,19775
44 13 11,30 7390 475,0 304, 6 599,0 . 38,8 22,9 44,8 0,18885
45 14 11,00 7625 453,9 291,9 578,06 36,27 21,87 42,74 0,17508
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For the three types of fuel, the following different expressions were

found:
U C = 890, 000 1. 1401
Pu-typeA C = 654,460 (1-1610
-1.1876

Pu-typeC C = 1;532,000 t

The decay time, within which these expressions are effective, 1s in-
cluded between the 15th and 30th day, but it can be extrapolated for a few
days exceeding this period,

The differences between the theoretical values obtained by means of the
aforesaid formula and the experimental ones are shown in Table 5, as a func-
tion of the decay time.

It can be noted that, notwithstanding the overall compensation between
the negative and positive deviations, the distribution appears to indicate a

discrepancy between the analytical expression and the experimental results.

4.2 Measurement of the La-140 activity
Use was made of the data in Table 5 relating to the period between the
15th and 30th day of decay, to determine the apparent half-life of the three

analyzed fuels, The values obtained are the following:

U T1/2 12.79d + 1%
Pu-type A T1/2 =12.78 d + 1%
Pu-type C T1/2 =12.79d+ 1%

The deviation of the half-life from the figure of 12.8 days given in
literature is within the experimental error,.

The deviations between the theoretical and experimental values are
given in Table 5 as a function of the decay time. The standard deviation

referred to a 95% confidence level is comprised between:

0.64 and 1.08% for uranium
0.63 and 1.06% for type A plutonium
0.55 and 0.92% for type C plutonium.,
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TABLE V

PERCENTAGE DEVIATIONS BETWEEN CALCULATED AND EXPERIMENTAL VALUES

GROSS GAMMA La“o

N. AT h

Spectrum u Pu  "A" Pu “C" U Pu "A" Pu "C”
6 335,0 0,57 - 0,53 -0,60 -0,59 -0,52 -1,73
17 352,0 0,17 1,09 0,10 -1,43 0,06 -0,79
18 358,5 0,19 0, 65 0,30 -0,35 -0,27 -1, 30
19 377,0 0,59 0,15 0,20 - -0, 38 0,02
20 382,5 9,20 0,15 0,10 - 0,14 -0, 38
21 401,0 0,60 0,24 0,70 0,35 0,79 0,06
22 407,5 -0,82 -0, 66 0,20 -0, 82 -0,83 -0,20
23 424,5 0,06 -0,33 0,20 0,55 -1,07 -0,21
24 430,5 -0,06 -0, 30 0,20 0,48 0,56 -0, 15
25 450, 0 0,55 -0, 86 - 0,93 -0,47 0,61
26 473,5 -0, 37 1,25 0,10 -0,07 1,94 1,58
27 496,5 -0, 94 0,19 0,10 0,42 0,13 0,63
28 503,0 -1,12 -0, 15 - -0,43 0,82 0,20
29 520,5 -0,31 -0,72 - 1,18 -1,47 0,91
30 526,5 -0,01 -0,51 0,20 2,12 0,76 0,54
31 552,0 -0,92 -0,09 -0,30 -0,40 -0,24 0,66
32 569,5 -1,07 0,27 -0, 20 -0,70 0,45 0,62
33 575,0 -1,24 0,73 -0,10 -1,06 0,41 0,61
34 592,5 0,10 ~-1,04 -0,30 0,08 -0,18 - 0,35
35 599,0 -0, 56 -1, 10 -0, 40 -0, 05 0,55 - 0,85
36 617,5 -0, 85 -0,27 -0, 30 0,36 0,96 0,62
37 641,0 -1,14 1,05 -0,20 -0,20 1,78 0,17
33 664,5 0,72 -0,29 -0, 10 1,17 1,58 -0, 16
39 671,0 1,53 -0, 35 0,40 1,70 -0,07 -0,32
40 688,0 0,33 -0, 15 - 0,44 -0,09 0,74
41 695,0 0,61 0,27 - 0,49 -0, 32 -0,44
42 712,5 0,14 -0, 16 0,60 -0,59 -0,30 0,30
43 718,5 -0, 02 0,25 -0, 20 0,17 0,06 -0,26
44 739,0 0,54 0,42 0,20 -0,79 0,89 -0,41
45 762,5 1,52 1,02 - 0,63 0,18 -0,19
negative deviations 14 (-) 16 (-) 11 () 13 (-) 14 (-) 14 (-)
zero deviations 5 (o) 2 (0)
positive deviations 16 (+) 14 (+) 13 (+) 15 (+) 16 (+) 16 (+)
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It follows that, in this time interval, the 1.6-MeV lantanum peak can
be reduced to a common time for the various types of fuel with the theoret-

ical function f(t).

5. Conclusions

a) The equipment provided for the measurement proved adequate provided
that the room temperature remained within the acceptable limits (20-25"C),

b) A maximum flux of 5 x 109 at the fuel element scan level and a one-hour
exposure are enough to obtain good statistics in the counting of La-140
activity,

c) The preliminary measurements suggested 15 days' decay time before

starting the measurements,






APPENDIX II
DESCRIPTION OF THE MEASUREMENT AND CONTROL PROCEDURES

1. Check of the flux in the 3 x 3 critical configuration

After irradiation of the 3x3 configuration three rod specimens belonging
to the second set and the copper monitors with and without cadmium for the
measurement of rod irradiation were removed from the dummy element located
near the critical assembly.

The copper monitors were subjected to counting according to the technique

described in Appendix 1, and the resulting heat fluxes were:

1.34 x 10° n/cm?/sec.

1.24 x 10° "
1.7 x107 v
1.4 x109 v

The average value corresponds fairly well with a maximum flux of
2.9 x 109 in the area of the critical assembly not affected by the control rods.

The flux level obtained was thus considered satisfactory for the measurement.

2. Measurements on fuel rods

The measurements on fuel rods were carried out in the fresh fuel
handling room. The rods were removed from the elements, inserted in alu-
minum sheaths and placed in the monitoring equipment. The measurements
included: one measurement of the axial distribution and two measurements
of the radial distribution at two elevations of interest. In addition, twice a
day the background and the activity of the three reference capsules housed

in a guide tube of the type used for the fuel rods were measured,

2.1 Procedure for axial distribution measurement

The procedure for this measurement was as follows:

a) The aluminum sheaths containing the rod was located at the first upper

notch (all the guide tube is marked with notches at 5 cm intervals),
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b) The threshold of the analyzer No. 2 was shifted to the 45 channel,

c) Connection of the analyzer to the multiscaler (storage in successive memory
positions of the countings related to each axial position); measuring time
10 sec.; waiting time 10 sec.; energy range 480 keV - 2.5 MeV.

d) The rod rotation device was then actuated,

e) All memories werebrought back to zero and counting began, Rotation was
stopped during the waiting time (10 sec.).

f) The sheath was then moved to the next notch and rotation was resumed,

g) The operation was repeated down to the end of the rod.

h) the resulting distribution was plotted on paper.

2.2 Procedure for the radial distribution measurement at two elevation of
interest
The procedure aimed at obtaining fromboth detector chains the plot of

the fissi_bn,product spectrum, the integral on the 1.6 MeV peak of La-140,
and the integral over all the spectrum from above 480 keV up to 2.2 MeV,
with subdivisions of approximately 5 keV/channel. The two elevations at
which the measurements were taken were clearly marked on the aluminum
sheaths.

The procedure was as follows:

a) The aluminum sheath was located at the selected notch.

b) The two analyzers were arranged, by means of the amplifier so that the
first peak of the spectrum would fall in the channel 55 + 2 and the 1.6 MeV
peak in channel 280 + 3. ‘

b) On the basis of a preliminary measurement, the counting time was se-
lected so as to have at least 25.000 pulses on the 1.6 MeV peak.

c) The rod rotation device was started.

d) The memory wasbrought back to zero and counting began.

e) The spectrum was plotted.,

f) Integration of the 1.6 MeV peak over 40 channels with a horizontal connecting

segments or with two cross segments (see Appendix 1),
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g) All the spectrum was integrated starting from 10 channels before the 480 keV
peak to channel 399 (see Fig. 13).

h) Counting and integration operations were repeated other two times.

i) The rod identification data, the date and time (beginning and end of the
measurement), the integration channels and the resulting integrals were
recorded on a special form,

e) The consistency of the values given by the two analyzers were checked before

returning the rod for re-insertion in the element.

2.3 Measurement of the activity of three rod specimens and background
This procedure is quite similar to the one described in 2.2 except that
the aluminum sheath contained the three rod specimens. The position of
these specimens was marked on the external surface of the sheath by means
of identification notches. For the background measurement, use was made
of the empty part of the aluminum sheath., This procedure was repeated
twice a day, at 0800 and 1600 hours, The specimen measurement time was

360 seconds and the background activity measurement time was 600 seconds.






APPENDIX III
LA-140 ACTIVITY-POWER CONVERSION FACTORS

The activity is proportional to the number of La-140 atoms, which in
turn are produced in different amounts according to the fissioned isotope.
Likewise, the energy generated in each fission depends on the type of
isotope. Thus, we have the équatiqn:

2 EF,
P i

A ZXi’Fi

where E;, Xi and F; are respectively the fission energy, the number of
L.a-140 atoms produced per fission and the number:-of fissions of the con-
sidered isotope.

The following table gives the values of E; and Xi for the isotopes

present in the fuel rods.

Isotope Ei (Mev) Xi La-140 (%)
U-235 194 6.25
U-238 193 5,92
Pu-239 201 5.16
Pu-241 205 6.21

With the theoretical values of Fj obtained by means of a 5-group
diffusion calculation performed on the 3x3 assembly, the conversion fac-
tors for each rod of the assembly were obtained.

The analysis revealed that for a given type of rod the conversion

factors are not affected by the position of the rods in the core. It is
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thus sufficient to use only one factor for each rod type. The values nor-

malized to unity in respect of the values for the 2.41% enriched-uranium

rods, are given in the following table,

L.a-140 activity-power

Element Rod type conversion factor

2.3% U 1.83% of U-235 1000
2.41% of U-235 1000

Standard Pu 0.74% of fissile Pu 1139
1.40% of fissile Pu 1172

2.855% of fissile Pu 1200

Mixed U-Pu. 1.83% of U-235 1000
2.41% of U-235 1000

1.80% of fissile Pu 1185

2.89% of fissile Pu 1200




APPENDIX IV
REDUCTION OF THE TOTAL - GAMMA ACTIVITY DATA TO POWER DENSITY

The procedure consisted in reducing the total gamma activity into the
La-140 gamma activity by means of appropriate correlation formulae. The
values thus obtained can easily be reduced to power density, and it is possible
to overcome the difficulty of determining theoretically and accurately the law
with which the ratio between power density and total gamma activity varies
versus the composition of the fissile material and the decay time.

Two different sources of information were used for the two scanning

levels to transform the total gamma activity values into La-140 activity.

1. Level not affected by the control rods

The correlation formula for this level was obtained from the data col-
lected in the periodical scanning of the three rod specimens. In this man-
ner, the power density values determined on the basis of the total gamma
activity provide meaningful independent check of the corresponding values
obtained directly from the L.a-140 gamma activity,

The total gamma activity values of the rod specimens are first cor-
rected to allow for the background and rod activity prior to irradiation and
are then transformed into power density by means of the following correla-
tion formula:

& (P/A

P/ (N, 1) = (B/A)

A ¥ tot K 140)
where B/A and da vary with the plutonium concentration in the rods (N;)
P/AK 140 is the factor for conversion from La-140 gamma activity to

power density normalized to 1 for the U-235 rods.
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The parameters B/A and ® were obtained by the best fit of the
A X 140/A_3, tot values measured for the three rod specimens and by extrapola-
tion for the other rod types. P/AJMO was calculated with the method described

in Appendix III., The related values are tabulated below

Rod type ~ BJ/A o8 P/AJ’MO
1.83 & 2,41% U-235 . 2.6735%10° 1,1185 1
Unat, 0.74% Pug 2.1199x10 7> 1,1439 . 1,139
U o 1.4% Pug 1.9291x10™° 1.1564 1,172
Upatr 1.8% Pug 1.8588x10_5 1,1618 1,185
Unat, 2.85% Pu; 1.7452x107° 1.1716 1,200

2. Level affected by the control rods

The total gamma activity of the fuel rods were transformed into power

density by means of the following correlation formula:
_ ) ) At
P/A_Jtot(Nl,t) - [A.J/MO(NI, t)/A.gtot(Nl, t)] e P/A.(r140

where the first term inthe second member was derived, for, each fuel rod type, by
bestfitting the ratiosbetween the L.a-140 gamma activity and the total gamma activi-
ty obtained from the measurements at the level not affected by the controlrods ;

)\ is a decay constant related to L.a-140 activity (= 2.2917 x 10_3 sec_l) .

This procedure for the reduction of the total gamma activity data is
based on the assumption that the ratios between La-140 gamma and total
gamma activities are not appreciably affected by variations in the neutron
spectrum. On the other hand, a spectrum variation from the unaffected
level to the control-rod-affected level can be considered negligible,

A comparison between the power density values obtained as above
with those obtained directly from the La-140 gamma activity values
reveals a systematic plus difference. In the light of the considerations
stated in Paragrph 6.2.2,, this difference was attributed to

an error in the evaluation of the background component of the total gamma
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activity. On this assumption a correction was made in order to eliminate
this difference throughout the measurements. The resulting percentage dif-
ference plotted as a function of the number of counts per second of the total
gamma activity were distributed statistically (Fig. 23).

The figure of 2.5% canbe considered the standard deviation affecting all meas-
urements of LLa-140 gamma activity, because the statistical component as-

sociated with the total gamma activity measurements is negligible.






APPENDIX V

CRITICALITY TESTS IN THE REACTOR VESSEL

1. Reactor conditions prior to the tests

After removal of the pressure vessel head and turning vane, part of the
fuel elements were transferred from the reactor to the pool to free an area
of the reactor for the criticality tests. The fresh elements used for the tests
were placed in a scattered arrangement in the reactor to avoid critical masses.
Dummy elements were placed in the empty cells to support the fully inserted

control rods. A map of the reactor situation is given in Fig,. 4.

2. Criticality

Fig. 24 shows the reactor region in which the critical assembly was
formed, the position of the neutron source and the initial positions of the
instrumentation,

Neutron multiplication during loading operations was monitored by two
fission chambers, denoted by numbers 10 and 11, which did not belong to
the safety system, and by five compensation chambers connected to the
safety system so that any one of them would be able to scram the reactor
for high neutron flux (chambers 1 to 4) and for short period (chamber 7,
logarithmic channel). All chambers were positioned at mid-height of the
core, except for the compensation chamber No. 4, which was placed
70 cm above the mid-height to provide a reference reading during the
initial control rod withdrawal stage,

The presence of a high gamma radiation background due to the other
irradiated elements in the reactor created difficulties in low-level neutron
flux recording by means of the compensation chambers. In fact, although
these chambers had been satisfactorily tested out of the reactor, because
of the high gamma background they gave no response to the neutron flux
generated by one of the sources in the reactor. In some cases, the signal
was even negative and became positive when the chamber was moved away

from the irradiated elements.
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In order to have a reliable response, the neutron/gamma ratio was
increased by loading the first four elements of the minimum critical one
at a time around the neutron source., Actually, it had been determined
that seven elements would be required for criticality.

Under these conditions, withdrawal of the control rods close to the
fuel caused a change in the compensation chamber reading that appeared
to be acceptable for safe continuation of the loading operations.

During this preliminary loading stage, the gamma activity of the
steel end of the control rod appeared to affect the reading considerably as
it passed in front of the compensation chamber; in fact, the instrument
gave a full scale reading and consequently a high-flux scram signal. To
avoid this inconvenience, the compensated chambers were removed from
the fuel and placed near the control rods that could remain out of the
reactor throughout the tests, The final position of the chambers is shown
in Fig. 4.

The fission chambers always gave a satisfactory response; however,
the presence of a strong source required the fission chambers to be po-
sitioned far from the fuel elements,

On the basis of this information, other fuel elements were loaded
and criticality was reached with seven elements and with the adjacent
control rods withdrawn to notch 19,

The normalized inverse count rate of the chambers are given in
Fig, 25,

After about thirty hours from first criticality, the measurementwas
repéated to check reproducibility, and the reactivity of the assembly was
found to be unaltered.

Subsequently, the two highest-worth control rods (F9 and F10) were
inserted in the reactor to permit complete withdrawal of the remaining
rods. Under these conditions the two control rods were calibrated at
a few notches t‘o determine the Kops of the seven-element assembly with

all the rods out.



3. Replacement tests

The experience acquired with the minimum critical assembly permitted
prompt execution of criticality measurements on the critical assembly in
which a uranium element was replaced with a plutonium element in different
positions,

The replacement tests were performed with an aim at obtaining at least
two critical assemblies characterized by the same control rod position, in
order to determine the reactivity variations associated with the replacements

on the basis of the differences in period,
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