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Application of the SEFOR Critical Experiments
at ZPR-3 to SEFOR

A. B. ReynvoLps AND S. L. STEWART

Advanced Products Operation
iy General Electric Company

ABSTRACT

A series of critical experiments was performed with
a mockup of SEFOR at ZPR-3. Analyses of these ex-
periments and the application of the results to the
SEFOR design are discussed.

Values of the critical mass were determined for 1-,
2-, and 3-segment SEFOR fuel designs in order to help
establish the plutonium atom fraction in the SEFOR
fuel.

Reactivity effects of axial fuel expansion were meas-
ured which led to selection of the 2-segment design for
SEFOR.

Measurements of the reactivity worth of the radial
reflector established the adequacy of the SEFOR re-
flector-control system.

The Doppler coefficient was measured. The calcu-
lated U238 Doppler coefficient was in agreement with
the experimental value; the measured Pu®*® contribu-
tion to the SEFOR Doppler coefficient was near zero.
It was demonstrated that the SEFOR Doppler coeffi-
cient [T (dk/dT) = —0.0085] is significantly more neg-
ative than the conservative value assumed for safe-
guards analysis.

The maximum positive reactivity due to loss of
sodium was measured; the measured reactivity was
small (+6¢) and close to the calculated value.

The ratio of prompt-neutron lifetime to delayed-
neutron fraction was measured both by the pulsed
neutron technique and by noise analysis. The values
measured by the two techniques were in agreement,
and, for a calculated Bere of 0.0033, gave | = (.68 psec.

Fission ratios, fission and boron traverses, and plu-
tonium worth distributions were measured and com-
pared with calculations.

1. Introduction

SEFOR (Southwest Experimental Fast Oxide Re-
actor) is a 20-MW (t) fast-spectrum reactor fueled
with PuQ.-UOs and cooled with sodium. SEFOR will
have characteristies similar to the large, soft-spectrum
fast breeder reactors fueled with mixed Pu0O.-UO;.
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SEFOR will be used to obtain physics and engineering
data at fuel compositions, temperatures, and crystal-
line states characteristic of operating conditions of
power reactors. SEFOR is particularly designed for
the systematic determination of the Doppler coefficient
of reactivity at temperatures up to the vicinity of fuel
melting.

The SEFOR Project consists of two major parts:
the design and construction of the reactor, and a re-
lated research and development program. Funds for
the design and construction of the facility are being
provided by the Southwest Atomic Energy Associates
{a group of seventeen investor-owned utility com-
panies located in the South and Southwest part of the
United States), together with the Karlsruhe Labora-
tory of the Federal Republic of Germany, EURATOM,
and the General Electric Company. The United States
Atomic Energy Commission is supporting the Research
and Development Program.

This report describes work performed as part of the
Research and Development Program. A series of ex-
periments was conducted on a mockup of SEFOR in
the ZPR-3 facility in a joint program by the General
Electric Company and Argonne National Laboratory.
Criticality of the mockup was achieved November 17,
1965; the experimental program was conducted from
October 1965 to April 1966. Reference 1 provides a
desecription of the experiments and experimental re-
sults. The present report gives an analysis of these re-
sults and describes how they are applied to the SEFOR
design. Further details of the analysis are presented
in Ref. 2.

The following experiments were performed on the
SEFOR mockup:

1. critical mass for 1-, 2-, and 3-segment core de-
signs;
reactivity of axial fuel expansion for 1-, 2-, and
3-segment designs;
worth of reflector control;

Doppler coefficient;
sodium-loss reactivity;

2.

Gk W
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6. ratio of prompt-neutron lifetime to effective de-
layed-neutron fraction, [/Bes;
7. fission ratios and reaction-rate distributions.

2. Deseription of the Mockup

2.1. Characteristics of SEFOR of Significance to the
Mockup Design

A brief description of SEFOR will provide a basis
for discussion of the mockup. A more complete de-
seription is given in Ref. 3. The SEFOR fuel rods are
composed of two fuel segments with a gap between
the segments into which fuel ecan expand axially. The
purpose of this segmented fuel design is to reduce the
reactivity effect due to axial expansion, as described
further in Sect. 4. The active fuel height is 85.9 cm and
the effective core diameter 88.2 cm.

The reactor is controlled by movement of the 6-in.-
thick radial nickel reflector; the reflector is divided
into 10 segments which can be withdrawn, leaving a
nearly completely voided reflector region. Behind the
SEFOR reflector is a 2-in. neutron shield region con-
taining boron carbide, followed by a serpentine neutron
shield.

Between the core and the radial reflector are a sodium
downcomer region, the steel reactor vessel, and a steel
shroud. Above and below the core are axial reflectors
in which nickel replaces fuel.

After the ZPR-3 experimental program was com-
pleted, an additional change was made in the SEFOR
core design—in particular, the BeO volume fraction
was reduced. The volume fractions (not including the
gap) are given in Table 1 for both the final SEFOR
design and the design represented by the mockup.

2.2. Geometry and Composition of the Mockup

Core dimensions and compositions were chosen to
mock up the SEFOR core at 350°F, which is approxi-
mately the temperature for refueling and for the initial
wet critical for SEFOR.

One purpose of the mockup was to facilitate the
choice of the number of fuel segments for the SEFOR
design. Therefore, experiments to measure eritical mass
and axial expansion were made for 1-, 2-, and 3-seg-
ment eore mockups.

TABLE 1. SEFOR VoLume Fracrions

Material Final Design % Mockup Design
Fuel 0.432 0.429
Sodium 0.295 0.303
Steel 0.216 i 0.182
BeO 0.057 | 0.086
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Fic. 1. Interface View of SEFOR Mockup Assembly 47A,
Loading 15.

A cross-sectional view and an elevation view of the
1-segment mockup are shown in Figures 1 and 2. For
the 2- and 3-segment mockups, the radius of the inner
core was increased to 33.8 cm. The increase in core
heights for the 2- and 3-segment mockups and location
of the gaps are described in Sect. 4 (see Figures 6 and
7). The average compositions of each region for the
1-, 2-, and 3-segment mockups are given in References
1 and 2. Details of the drawer loadings are presented
in Ref. 1.

Criticality was achieved first with 1-segment As-
sembly 47, Loading 15. This assembly is deseribed in
Ref. 4 and was chosen for analysis in Ref. 5 since it
had the cleanest (i.e., simplest and most uniform)
geometry. The 1-segment experiments analyzed in the
present report were made with Assembly 47A, Loading
15 in which additional sodium was placed between the
core and reflector, the nickel from two simulated re-
flector control rods was removed, and the ZPR-3 con-
trol rods were spiked further to add to the operating
reactivity margin.

2.3. Oxygen Mockup

The SEFOR fuel is UOs-PuQ, . The ZPR-3 fuel is
metallic plutonium, uranium, and Pu-U alloy. There-
fore it was necessary to mock up in ZPR-3 the oxygen
in the SEFOR fuel.

The oxygen was mocked up by a combination of
oxygen in sodium earbonate (NayCOs), carbon in
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Fig. 2. Elevation View of SEFOR Mockup Assembly 47A, Loading 15.

NasCOz, and aluminum.* The mockup contained
0.525 atom of oxygen, 0.175 of carbon, and 0.388 of
aluminum per atom of oxygen in the SEFOR fuel.
The oxygen affects the core design primarily through
its influence on leakage and neutron spectrum. In
order to assess the effectiveness of the oxygen mockup,
pre-experimental leakage and spectrum calculations
were made for the SEFOR core at 350°F (hence, with
the correct amount of oxygen) and for the mockup
in ZPR-3 with the oxygen mocked up by oxygen, car-
bon, and aluminum. These results are given in Table 2.

3. Plutonium Atom Fraction

The plutonium atom fraction in the SEFOR fuel
was based on ecalculations normalized to critical mass
caleulations of the SEFOR mockup. The procedure for
establishing the plutonium atom fraction included the

. * This moekup for oxygen was proposed by the Karlsruhe
Laboratory of the Federal Republic of Germany which is par-
ticipating in the SEFOR Project.

TABLE 2. Errecriveness oF OxyveeN Mockup

! Actual Oxygen
% Oxygen Mockup
i
Criticality factor [ 1.0041 1.0043
Leakage Probability
Radial 0.234 0.230
Axial 0.092 0.090
Fraction of Fissions below 9 keV 0.203 0.198

following steps:

1. calculation of criticality factors for the SEFOR
mockup and for SEFOR, using identical methods;

2. normalization of the calculation of the SEFOR
criticality factor by the ratio of the calculated
and experimental criticality factors for the
SEFOR mockup;

3. establishment of the design criticality factor for
20-MW operation for SEFOR;

4. adjustment of the SEFOR plutonium atom frac-
tion to obtain the design criticality factor.
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TABLE 3. Caicurnatep CriticaLity Facrors For Mockup
(Calculated Values Are to be Compared with Experimental
Values of Unity)

Calculated

Loading Calculational Model Criticality
Factor
1-segment 2-dimensional (r,z), 4-group 0.985
2-segment 2-dimensional (r,z), 4-group 0.977
3-segment 2-dimensional (r.z), 4-group 0.974

3.1. Criticality Calculations for SEFOR Mockup

Criticality calculations were made for the 1-segment,
2-segment, and 3-segment SEFOR mockups. Diffusion
theory was used throughout. Calculations included 4-
group, 2-dimensional (r, z) and 18-group, 1-dimen-
sional (both radial and axial) ealculations. Four-
group® and 18-group cross sections were condensed
from 60-group cross sections in each important region,
using 60-group, 1-dimensional caleulations in both the
radial and axial directions. The PDQ code was used
for 2-dimensional calculations; the DEMON code was
used for 1-dimensional caleulations. The 60-group
cross-section set used was based on the 1965 60-group
General Electrie set.(+ D

The results of the 2-dimensional ecalculations for
each of the critical loadings are given in Table 3. Tt
was learned during the early analysis of the segmented
core mockups that the use of 18-group, 1-dimensional
axial calculations introduced considerable uncertainty
in the radial leakage at the gaps. Therefore, greater
reliance was placed on the use of the 2-dimensional cal-
culations, together with space-dependent condensation
of 60-group cross sections to four groups.

Small corrections to the criticality calculations were
necessary since all the nickel in the reflector and all
the ZPR-3 control rods were assumed to be inserted
for the computer calculations, whereas some of the
nickel and control rods were removed in the actual
critical loadings for the mockups in ZPR-3. The worth
of the removed nickel and eontrol rods in the 1-seg-
ment loading was Ak/k = 0.0073; the worth in the 2-
segment loading was Ak/k = 0.0042; the worth in the
3-segment loading was Ak/k = 0.0007. These correc-
tions have been taken into account in the results listed
in Table 3 so that the values in Table 3 should be com-
pared with the experimental values of unity.

Shelf-shielding at low energy was accounted for by
Bell’s technique® for applying the rational approxi-
mation to a repeating lattice. No corrections were made
for high-energy heterogeneity effects in either the

* The lower energies of groups 1, 2, and 3 for the 4-group
structure were 1.35 MeV, 180 keV, and 9.1 keV, respectively.

mockup or the SEFOR ecriticality caleulations. Addi-
tional corrections due to the gap between the two
halves of the ZPR-~3, the noneylindrical surface of the
core, and streaming parallel to the plates of materials
in the mockup are of little significance. (®

The value of 0.985 for the criticality factor of the
1-segment core is consistent with those ealculations of
the initial SEFOR mockup loading reported in Ref. 5
which were based on the same cross-section data used
in the SEFOR program. A new set of cross sections is
recommended in Ref. 5 which gives much closer agree-
ment with the initial loading.

It is noted from Table 3 that the reactivity effect
of the gap is overestimated. From comparison of the
critical masses of the 1-, 2-) and 3-segment mockups, it
is estimated that the reactivity effect of the gap in the
2-segment mockup was —2.25% Ak/k and that the
combined reactivity of the gaps in the 3-segment
mockup was —4.5% Ak/k. The 2-dimensional results
in Table 3 indicate —3.0% and —5.6% reactivities for
the gaps for the 2- and 3-segment mockups, respce-
tively.

Several sources for the uncertainty in the treat-
ment of the gap are possible. Diffusion theory may be
inadequate for the aceurate calculation of leakage
at the gaps; transport approximations may provide
better agreement. The use of additional neutron groups
in a diffusion theory code may provide better agree-
ment. For the results reported in Table 3, all materials
in the gap were homogenized to obtain atom densities
in the gap. Slightly different criticality factors arc
obtained for different gap models—for example, a gap
model in which the gap is separated into three axial re-
gions or a model in which a small section of the core is
homogenized with the gap.

3.2. Design Criticality Factor for SEFOR

SEFOR is designed to reach a power level of 20 MW
with a fixed core diameter with fuel rods of a single
atom fraction of plutonium. A reasonable margin of
error must be allowed for the extrapolation from the
mockup in ZPR-3 to SEFOR at 20 MW.

Moreover, a second core (Core II) will replace the
first core (Core I) later in the SEFOR experimental
program. Although the specific design for Core IT is not
fixed, various designs being considered involve re-
moval of the BeO (to harden the spectrum) with an
accompanying loss in reactivity in the range of 1.5% to
2.5% in Ak/k.

These considerations led to the choice of a desigr
criticality factor of k = 1.035. This allows a 1.0 t
2.0% margin for overestimating the ecriticality factor
at 20 MW of Core I together with a margin of 1.5 to
2.5% reactivity loss for the change in Core I1.
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3.8. Calculations of SEFOR Plutonium Atom Fraction

The 2-segment, design was chosen for SEFOR. In
order to select the fuel atom fraction of plutonium for
the SEFOR fuel, 4-group, 2-dimensional, and 18-group
axial caleulations of SEFOR are being made using the
same techniques used for the ZPR-3 criticality calcu-
lations. The calculated SEFOR criticality factors are
normalized by the ratio of the experimental to cal-
culated values given in Table 3.

Tranium-238 cross seetions in SEFOR were calcu-
lated for the average fuel temperature at 20 MW and
1400°K, using the same techniques used for the room-
temperature ZPR-3 mockup. For Pu®®*®, room-tem-
perature cross sections are used in the 20-MW SEFOR
calculations since the ZPR-3 experiments, in verifica-
tion of earlier experiments, showed almost zero Dopp-
ler contribution from Pu?3?,

4. Reactivity Effect of Axial Fuel Expansion

The quantities that will be measured in the SEFOR
Doppler experiments will be power and energy co-
efficients of the fuel, from which will be calculated
fuel temperature coefficients. The fuel temperature
coefficient will inelude two components—the Doppler
effect and the axial fuel-expansion effect. In order {o
obtain the Doppler effect, it is necessary to subtract
the calculated value of the effect of axial fuel expan-
sion from the total fuel-reactivity effect. Therefore, the
accuracy of the measured Doppler coefficient is
strongly influenced by the aceuracy with which the ef-
fect of axial fuel expansion can be calculated.

With no speeial provisions in the fuel design to re-
duce the axial expansion effect, this effect in SEFOR
would be almost as large as the Doppler effect. There-
fore, two techniques are being incorporated in the
SEFOR fuel design to reduce the axial expansion ef-
fect—dishing the ends of the fuel pellets, and segment-
ing the fuel.

To help in che selection of the SEFOR fuel design
and to check calculational techniques, axial-expan-
sion reactivity was measured for designs with 1, 2, and
3 segnments.

4.1. Design of ZPR-3 Experiments

4.1.1 Selection of Experiments

For segmented fuel there exist two principal com-
poneunts to the effect of axial fuel expansion: a large
negative component due to increased radial leakage
in the fuel regions when the fuel expands, and a large
.positivc component due to decreased radial leakage in
the gap regions as the gap thickness is decreased. It
was important to measure each of these two compo-
nents independently to check the calculational method

for each effect and to measure them together to see if
the effects are superposable.

Measurement of the effect of axial fuel expansion in
the 1-segment core provided an independent measure
of the first component. Decreasing the thickness of a
gap while not expanding the fuel provided an inde-
pendent measure of the second component; this was
carried out for the larger gap in the 3-segment mockup.
In addition, the effects of simultaneous expansion of
fuel and compaction of the gaps were measured for
both the 2- and the 3-segment mockups. Total fuecl
expansion in all cases was Ve inch. The gap in the 2-
segment mockup was closed 33 inch. The upper gap in
the 3-segment mockup was closed Y4 inch; the lower
gap was closed 13 inch.

The gap thickness was the same at all radial posi-
tions in the mockup. In SEFOR there will be a radial
distribution both of the gap thickness and of the change
in gap thickness with a change in power due to the
radial distribution in fuel temperature. Hence, in
some of the ZPR-3 expansion experiments, the inner
(new) fuel zone was completely expanded before any
of the outer (old) fuel zone in order to obtain informa-
tion on the radial dependence of the axial-expansion
effect that could be compared with a calculational
model.

4.1.2 Gap Mockup

It was recognized early that the gap mockup in
ZPR-3 must accurately represent the important geo-
metrical characteristics of the gap in SEFOR. This
meant that the axial distribution of the void and
other materials in the gap between the fuel segments
in SEFOR must be mocked up in ZPR-3 in order to as-
sure that the streaming effects were measured correctly.

Schematic drawings of the gap in the 2-segment
SEFOR design and the gap mockup in ZPR-3 are
shown in Figures 3 and 4. Figure 3 shows the gap with
the fuel unexpanded; Figure 4 shows the same gap with
fuel expanded. This gap mockup deseribes well the
geometrical distribution of material in the SEFOR gap.
The material in the gap mockup was located in ad-
jacent drawers in such a way that no straight-through
streaming paths were present, thereby mocking up the
correct situation for SEFOR.

4.1.8 Mockup of Expansion

To moek up expansion of the fuel, }¥4-in. aluminum
spacers were located between fuel plates. All experi-
ments mocked up an expansion of Vs in.; hence, four
spacers were required. Later, the reactivity effect of
the aluminum spacers was measured. This method of
expansion differs from that in SEFOR in that the ex-
pansion occurs throughout the length of the fuel rod



574 Reynolds and Stewart

in SEFOR, the expansion being proportional to the
change in fuel temperature in the axial direction. How-
ever, the mockup calculations account for the discrete
placement of the spacers, and the error due to this
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Fig. 4. Gap Mockup in ZPR-3 (Fuel Expanded).

difference between the mockup and SEFOR is not
considered to be significant.

The locations of the aluminum spacers for the 1-, 2-,
and 3-segment experiments are given in Figures 5, 6,
and 7, together with dimensions before and after ex-
pansion.

Treatment of the expansion of the fuel into the gap
was shown in Fig. 4. It is noted that aluminum spacers
are placed in the spaces at the ends of the non-fuel
columns adjacent to the gap. To reduce the uncertainty
introduced by this aluminum, a very nearly equal
amount of aluminum was removed from the center part
of the gap to accommodate the fuel expansion. Thus
the total aluminum in and immediately around the
gap remained nearly constant before and after the ex-
pansion,
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4.2. Results

Experimental and calculated results are compared
in Table 4.

The experimental results show clearly the efficacy
of segmenting the fuel. Observation of the results of
the 1-segment experiment and the 3-segment experi-
ment in which only the gap thickness was changed
shows the compensating effects that take place during
a power change with segmented fuel. The two com-
pensating components appear to be approximately
superposable. For example, it is reasonable to estimate
that if the lower gap of the 3-segment core had been
closed Y8 In. in addition to closing the upper gap U
in., the combined reactivity effect of changing the gap
thicknesses only would be ~+81.1. Combined with the
—$1.4 value for the effect of fuel expansion alone gives
—$0.3 for the net effect, which compares well the
measured value of —$0.2.

It is also reasonable (as indicated by the experi-
ments) that the effect of the 3%-in. decrease in gap
thickness for the 2-segment case is less than the
combined decrease in the gap thicknesses for the 3-seg-
ment case. The reason is that the gap in the 2-segment
case skews the flux toward the bottom part of the core,
thus decreasing the importance of the gap location in
the 2-segment case relative to the 3-segment case.

The calculated results differ significantly with the
experimental values. The fuel-expansion component
{1-segment case) was calculated to be 21% larger than
that experimentally observed. The gap-compaction
component (3-segment, gap-only case) was calculated
to be 36% higher than observed in the experiment.
These errors combine in a fortuitous way to give close

agreement for the 2-segment case. Normalization of the
present diffusion-theory calculational method to the
ZPR-3 results provides a technique which is sufficiently
accurate for the SEFOR experimental program, how-
ever, since the magnitude of the axial-expansion effect
is reduced so much by the combined techniques of dish-
ing the pellets and using 2-segment fuel.

The results in Table 4 have been corrected for re-
moval of the aluminum spacers used to expand the
fuel in the mockup. The effect of removal of the alumi-
num was measured experimentally. The size of this
correction and comparisons with caleculations are
shown in Table 5.

4.3. Caleulational Model

The calculations were made by 2-dimensional, 4-
group diffusion theory using PDQ. Four-group cross
sections were condensed from the SEFOR-mockup 60-
group set for each important region using 1-dimen-
sional radial and axial problems. All materials in the
gap were homogenized to obtain atom densities in the
gap. Homogenizing a small section of the core with
the gap gave results slightly closer to experiment;
separating the gap into three axial regions gave results
which disagreed further from the experiment. Care was
taken in mocking up exact compositions and dimen-
sions, and accounting for the presence of control
drawers, variations in fuel plate locations, and details
of the fuel plate design at the gap-fuel interface. For
each calculation, material balances were checked be-
fore and after expansion to assure that material was
not inadvertently added or lost; this was important
since some problems contained as many as 50 regions.

TABLE 4. Reacriviry DUEL TO AXIAL Furr EXPANSION

Seg- Experimental | Calculated
ments %)
1 Fuel expanded —1.39 = 0.04 | —1.68
2 Fuel expanded —0.46 &= 0.02, —0.49
Fuel expanded in inner fuel| —0.37 &= 0.02 ! —0.36
region only
3 Fuel expanded ~0.20 = 0.02 ! —0.04
Upper gap thickness de- | +0.74 & 0.02 | +1.01
creased only (no accom-
panying fuel expansion)

TABLE 5. ErrecT 0F ALUMINUM SPACERS
(Ak/k for Removal of Aluminum Spacers)

Case Experimental, ¢ : Calculated, ¢
1-segment -5 \
2-segment —7 | — 0
3-segment | —4 ‘ Not calculated
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5. Reflector Control Worth

The reactivity effect of the reflector of the SEFOR
mockup was measured in order to evaluate the worth
of the SEFOR control system. The value obtained for
the SEFOR control worth was $(11 = 2). This value
compares with the predicted operating control require-
ment for SEFOR of $5.5. The large difference between
the $11 control worth and the $5.5 operating require-
ment insures adequate availability of shutdown reac-
tivity.

In this section the experimental procedures and re-
sults are deseribed, together with two methods used
to obtain the SEFOR reflector worth from the ZPR-
3 measurements. It was not feasible to measure the
worth of a segment of the reflector larger than one
quadrant. Therefore, calculations were necessary to
provide an extrapolation to the total SEFOR reflector
worth.

5.1. Experimental Procedure

The reactivity effects of removing both one-tenth
and one-fourth of the nickel from the ZPR-3 reflector
were measured in order to simulate approximately the
withdrawal of one of the ten SEFOR reflector control
rods and a quadrant of the SEFOR reflector.

The single reflector-rod measurement was made
by the rod-swap technique. The nickel from 21 of the
236 drawers in the reflector region of Fig. 1 was re-
moved in small inecrements. The reactivity cffect of

TABLE 6. Rzsurrs oF MEASUREMENTS OF 1-SEGMENT
RerLecior WorTH

‘ Average
RodI ~ RodII | Rod i |§Rods
and
I
Nickel: \
total worth 100 + 3¢*§ 127 £ 4¢*193 = 5¢* 110¢
Aluminum: , “
worth/kg ] 10 82¢/kg* !
mass 17.9 kg
total worth §14 7¢ 13¢
Steel: 1
worth/kg 0.46¢/kg*
mass 39.2 kg |
total worth 18.0¢ 16¢
Change in rod worth | —6.2¢% —5.4¢
due to placing
B:C and polyeth- \
ylene behind re-
flector [ !

* All starred values represent experimental results as re-
ported in Ref. 1.

each increment was measured by compensation with a
calibrated ZPR-3 control rod. The nickel removed in
cach increment was placed in a reflector position on a
different side of the core before removal of the next
inerement,

The worth of one quadrant was determined both by
suberitical multiplication and by pulsed neutron tech-
niques.

There were important differences between the mock-
up and the SEFOR reflector which had to be accounted
for by both special measurements and calculations.
In SEFOR removal of a rod leaves a large void. In
the mockup, removal of the nickel plates left behind
the steel ZPR-3 drawers and matrix. The reactivity
effect of this steel was estimated by measuring the
worth per unit weight of steel in the reflector after re-
moval of the nickel.

A second important difference was the difference in
materials outside the reflector. In SEFOR an aluminum
structure followed by 2 in. of rods filled with B4C and
then by rods of serpentine lie beyond the reflector.
In the mockup, only two drawers were available be-
yond the reflector at the position where the reflector
worth was measured, The single-rod worth was meas-
ured first with no material outside the reflector except
the steel matrix forming the two drawer locations
(hence, effectively about 4 in. of 10% steel). A sec-
ond measurement was then made with %4 in. of Bi°C
and one inch of polyethylene outside the reflector. The
quadrant worth was measured only with the steel
matrix outside the reflector. The aluminum structure
outside the SEFOR reflector, together with structural
aluminum webs between the SEFOR rods, was mocked
up by aluminum plates in the reflector region of the
mockup.

Other small differences in composition and geometry
in the reflector, in the regions between the core and re-
flector, and in the core were present, but it is expected
that these differences are treated adequately by ealcu-
lation.

5.2. Experimental and Calculated Results of ZPR-3
Reflector Experiments

The experimental results for the 1-segment loading
are given as the starred values in Table 6. The rod
positions I, II, and TII are indicated in Fig. 1. Rod
positions II and IIT correspond to the positions for
which caleulations were made. Therefore, the results
for rods II and I1I were averaged to obtain the experi-
mental values that were eompared with calculation.
The large difference between rods II and III was
caused by an asymmetric loading of plutonium in the
1-segment core, a situation that was corrected before
the 2-segment reflector measurements were made.
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TABLE 7. CoMPARISON OF CALCULATED AND EXEPRIMENTAL
VALUES FOR NICKEL IN REFLECTOR OF MoCKUP

Calculated Eﬁggﬁ.
Worth of nickel in one rod ' $1.10
Worth of reflector quadrant '
tio: 2.1 ' 2.29
Ratio Worth of one rod i 3 .
Worth of total reflector |
tio: 3.58
Ratio Worth of quadrant ‘
Calculated worth of nickel in total re- $9.45 |
flector
Extrapolated worth of nickel in total ‘ 89.02
reflector = (81.10)(2.29) (3.58) }

For the 2-segment core, the measured nickel worths
in rods II and III were 120¢ and 121¢, respectively.

Calculated and experimental values for the nickel
worth are compared in Table 7. The calculated values
were based on the use of diffusion theory throughout
the mockup, including the reflector region after removal
of the nickel. The use of diffusion theory in the reflector
region of the mockup was considered satisfactory for
this purpose since a relatively large amount of steel
and aluminum remained in the region after the nickel
had been removed. The total nickel worth was caleu-
lated using 18 groups and one dimension (eylindrical).
The ratios of one rod and one guadrant to the total
worth were obtained by 4-group PDQ z,y calculations.

5.3. Methods of Obtaiming SEFOR Reflector Worth
from the ZPR-3 Results

The following two methods were used to evaluate
the SEFOR reflector worth from the ZPR-3 experi-
mental results:

(1) Direct Extrapolation Method—The experi-
mental results were extrapolated to SEFOR, ac-
counting for the differences between ZPR-3 and
SEFOR compositions and dimensions. Calcu-
lated reflector worths enter this extrapolation
only in the form of ratios, thereby reducing the
uncertainties introduced by calculations.

(2) Boundary Condition Method—The reflector
worth was calculated by replacing the void left
by the withdrawn reflector and the shield out-
side the reflector with a calculated boundary
condition. Calculations were made for the com-
plete removal of the reflectors from both SEFOR
and the ZPR-3. An approximate experimental
value for this condition in the mockup was ob-
tained by extrapolation of the ZPR-3 experi-
mental measurements to the case for complete
removal of reflector from the mockup. Com-
parison of this extrapolated experimental re-

sult and the calculation for ZPR-3 provided
the required normalization for the SEFOR cal-
culation.

5.3.1 Direct Extrapolation Method

The direct extrapolation method gave the following
control worths for the 1- and 2-segment SEFOR de-
signs:

Worth for 1-segment design = $10.2;
Worth for 2-segment design = $11.2.
Details of the extrapolation are given in Ref. 2.

5.3.2 Boundary Condition Method

The effect of the void left by the withdrawn SEFOR
reflector rods was calculated by replacing the void and
all regions outside the reflector with boundary con-
ditions at the inside of the void region. Four-group
one-dimensional (eylindrical) diffusion theory was
used. The technique involved the calculation of leak-
age probabilities in a manner similar to that used by
Oliver and Norman.®

The steps in caleulating the boundary conditions
were:

(1) The effective leakage probabilities across the
void and escape probabilities from the void were
calculated.

(2) A 4-group matrix albedo at the outer void sur-
face was calculated.

(3) Ratios of exit to entering current densities at
the inside of the void were calculated.

(4) Boundary conditions were calculated from the
current densities using conventional diffusion
theory.

The boundary condition method was applied both to
SEFOR and to the mockup. The reactivity effect of
removing all material from the mockup was extrapo-
lated from the experimental results of Table 6.

The calculated values for the 1-segment core for
both SEFOR and the mockup are given in Table 8.

TABLES. ComparisoN oF BouNDARY CoONDITION REFLECTOR
CALCULATIONS WITH EXTRAPOLATED ZPR-3 MEASUREMENTS
FOR THE l-sEGMENT CORE

Extrapolated
| from Measure-
‘ ments, $§

| Calculated, § | (All material
‘ removed from
reflector
region)

Description

SEFOR

Mockup with B,C and polyethyl-
ene behind reflector ‘

Mockup with 10 em of 109, steel i 10.7 11.4
behind reflector

9.9 10.9

ot
<
[
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The values for the mockup extrapolated from the ex-
perimental data are also given in the table.

Normalization of the calculated results of Table 8
to the experimental values gives a predicted value of
$11.1 for the 1-segment SEFOR core. This value is
8% higher than the value of $10.2 obtained from the
direct extrapolation method.

An approximate calculation of the 2-segment re-
flector worth in the mockup was made by homogenizing
the gap material with the fuel for the radial calcula-
tion. This resulted in increased radial leakage and a
5% inerease in reflector worth, which compares with a
measured increase of 9%. The 5% calculated increase
gives a reflector worth of $11.6 for the 2-segment
SEFOR core, which is 4% higher than the value ob-
tained from the direct extrapolation method.

The effect on reflector strength of placing an ab-
sorber and hydrogeneous moderator behind the reflec-
tor is predicted qualitatively. The B,C and polyethyl-
ene behind the reflector in the mockup reduced the
reflector worth by 5%, which compares to the calculated
reduction of 8%. The use of the 10 ecm of 10% steel be-
hind the reflector to mock up the ZPR-3 matrix may be
inaceurate; to check the sensitivity of this assumption
the reflector worth was also calculated with 20 cm of
10% steel. This gave a worth of $10.2, to be compared
with the $10.7 value in Table 8.

The details of the method for calculating the bound-
ary conditions are given in Ref, 2.

6. Doppler Coeflicient

Experiments were performed in the mockup to help
determine the magnitude of the SEFOR Doppler co-
efficient. The results showed close agreement between
calculation and experiment for the U238 Doppler co-
efficient and a near-zero contribution by Pu?*® results
which are consistent with earlier ZPR-3 measure-
ments.® Applying the same techniques for the U238
Doppler caleulation for SEFOR and assuming a zero
contribution from Pu?®?, the calculated Doppler co-
efficient for the SEFOR 2-segment design is T'(dk/dT)
= —0.0085. This value is well above the value of
—0.004 used for SEFOR safeguard analyses.

6.1. Experimental Procedure and Results

The ZPR-3 measurements were performed by the
“hot sample-cold reactor” technique® in which a
heated sample is exchanged with an equivalent cold
sample and the difference in steady-state reactivities
is measured. Measurements were made for U#80, sam-
ples and for 12.5% Pu0,-87.5% U230, samples. Meas-
urements for the U380, sample were later repeated
with sodium removed from the regions surrounding

Reynolds and Stewart

the samples. Measurements were made for sample tem-
peratures of 300°K, 500°K, 800°K, and 1100°K.

The results of the measurements with sodium present
are shown in Fig. 8 with reactivity per kilogram U238
plotted against In (T/Ty). The U%0, results are
plotted as measured. The 12.5% Pu0O,-UO.s measured
values are shown also plotted on a 8k/k per kilogram
U2 basis, assuming a zero contribution from the plu-
tonium. The fact that the results are indistinguishable
from the results for the pure UO; samples forms the
basis for the assumption that the plutonium contribu-
tion to the SEFOR Doppler coefficient is negligible.

A straight line through the experimental points in
Fig. 8 represents a T variation of the Doppler co-
efficient, dk/dT (i.e., T{(dk/dT) = constant). The
solid line in Fig. 8 represents the T~ variation drawn
through the high-temperature points which correspond
to the fuel temperatures of most interest to the SEFOR
experimental program. The dashed line represents a
T—°9% variation. Although it is possible to construct a
T-* line that lies within the experimental error at each
temperature, the T—%9 curve provides a better fit.
Although the data are insufficient to establish the
temperature variation accurately, it is interesting to
note that the calculated temperature variation that
best fits the calculated SEFOR isothermal Doppler co-
efficient from 300°K to 5000°K is 7—0-9.*

6.2. Comparison of Calculated and Experimental
Values

The calculated Doppler effect of the heated sample
was based on a U?3® temperature rise from 700°K to
1400°K. From Fig. 8, the experimental value cor-
responding to this temperature change is —1.5 X 10—
dk/k/kg U238,

The calculated reactivity effect for a U?%® tempera-
ture change from 700°K to 1400°K was also —1.5 X
10—3 8k/k/kg U238, The calculated value for the Dopp-
ler effect of the heated sample was obtained by per-
turbation theory using a two-dimensional 16-group
CRAM problem. The change in U8 absorption cross
section (So,) below 4 keV was calculated by the

*The calculated temperature variation of the U28 Doppler
coefficient in SEFOR was obtained from the following 18-group
spherical calculations in which the U2 fuel temperature was
assumed constant throughout the core and represented the only
change between problems:

U8 Temperature, °K Criticality Factor

300 1.04804
700 1.03983
1400 1.03245
3000 1.02389
5000 1.01804
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Fic. 8. U8 Doppler Measurements in SEFOR Mockup in ZPR-3. (Temperatures in °K)

RAPTURE code™ using recent Columbia resonance
parameters.(*?» For the unresolved resonances (>4
keV), the results of Greebler and Goldman® were
used (which were also based on the use of RAPTURE).
Values of 8¢, were calculated for the case in which both
the absorber and the surrounding medium are at the
same temperature. The SEFOR potential cross sec-
tions, o, , which were nearly equal to the ZPR-3 values,
were used for the initial, uncorrected calculation.

A correction was made in the calculation to account
for the fact that only the sample was heated while the
surrounding medium remained at room temperature. A
rough estimate by Greebler for an effective potential
seattering cross section for U8 to account for this
effect was 54 b, compared to 37 b caleulated for
SEFOR. Using the 54-b value for the heated sample in-
creases the caleulated U238 Doppler effect by about
1%, indicating that the net small sample correction is
low.*

* The net correction is small because the magnitude of the
Doppler effect is decreased by the larger value of o, above 1
keV and increased below 1 keV.

The agreement between theory and experiment is
tempered by the recognition that uncertainty remains
concerning the accurate interpretation of the experi-
ment, and that all known refinements have not been
included in the Doppler calculations. For example,
interference effects were not included, which may be a
correction of the order of 10%. Hence, it is not our pur-
pose to emphasize the close agreement between calcula-
tion and experiment. It is our purpose, however, to
show sufficient agreement between calculation and ex-
periment to assure the wvalidity of the conclusion
stated in the initial paragraph of this section, namely,
that the calculated SEFOR Doppler coefficient is sig-
nificantly larger in magnitude than the value used for
SEFOR safeguards analyses.

6.3. Effect of Loss of Sodwm on Doppler Coefficient

Loss of sodium results in hardening of the spectrum
and an accompanying reduction in the Doppler coef-
ficient. The U238 Doppler effect was measured in the
mockup with sodium removed from a large enough area
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TABLE 9. Repvceriox IN Dopprer COEFFICIENT FROM
Loss or Sopium

Fractional Reduction, %
Sodium Volume Fraction

| Calculated 1 Experimental
-
0.244 | 9.6 J
0.280 12.4 i
0.303 ;‘ 17.5

around the sample to obtain a spectrum characteristic
of the reactor with sodium removed.

As shown in Table 1, the sodium volume fraction
mocked up in ZPR-3 was 30.3%. The reduction in
Doppler coefficient due to loss of sodium was calcu-
lated for earlier SEFOR designs containing sodium
volume fractions of 24.4% and 28.0%.

The experimental and calculated results for the re-
duction in Doppler coefficient from loss of sodium are
listed in Table 9. Use of the measured 17.5% value
would reduce the SEFOR Doppler coefficient [T (dk/
dT)] from —0.0085 to —0.0070.

7. Sodium-loss Reactivity

7.1. Sodium Loss from Center of Core

The calculated value for the maximum positive re-
activity from loss of sodium from the center of the

~20:

+10e |~

O EXPERIMENTAL MEASUREMENTS

e |

206 p-

CALCULATED CURVE

REACTIVITY EFFECT

§0s |-

e

1 1 { ! { i
005 8.16 0.15 0.20 0.25 8.30

VOLUME FRACTION FROM WHICH Na 1S LOST

Fra. 9. Measured and Calculated Sodium-loss Reactivity.

SEFOR core was +3¢. This value was low cnough to
indicate that this reactivity cffect does not pose a
safety problem for SEFOR. To verify this expectation,
the maximum positive reactivity due to sodium loss
was measured in the mockup.

The reactivity effects of complete removal of sodium
from the central 5, 10, and 15 v/o0 of the 1-segiment core
were measured. The maximum measured positive effect
was +6¢, which occurred with sodium removed from
the central 10% of the core. The sodium-loss reactivity
became decidedly negative with removal from the cen-
tral 15% of the core.

The caleulated values together with the three experi-
mental points are plotted in Fig. 9.

In the ZPR-3 measurements, the voided zone was
distributed uniformly around the center of the core
only in the 10% measurement; the voids were slightly
displaced for the 5% and 15% measurements. Had they
also surrounded the core center uniformly, it is ex-
pected that the experimental results for these points
would have been slightly more positive. However, it
is concluded from the experiments that the +6¢ at 109%
sodium loss is close to the maximum positive effect
and that the effect becomes strongly negative when
more than 13% of the volume is voided.

7.2. Sodwm Loss from the Gap

Since the 2-segment design has been selected for
SEFOR, it was useful to establish experimentally that
the loss of sodium {from the gap would not cause an
additional large positive reactivity. This was done by
adding sodium to the gaps of 63 central drawers (which
is one-third of the drawers in that half of the mockup).
The resulting reactivity was positive, +1.1¢/kg of
sodium added. Hence, loss of sodium from the gap
would be negative.

7.3. Calculational Method

Spherical geometry was used for sodium-loss caleu-
lations in order to maximize the positive effect and to
avoid the use of transverse bucklings. The sodium-
loss cffect, has two principal components-—a large posi-
tive component due to hardening of the spectrum, and
a large negative component due to increased leakage.
The former ecomponent has its maximum influence and
the latter component its minimum influence when
sodium is lost from the center of the core. Hence, the
maximum positive net effect should occur when sodium
is lost from a small spherical region around the center
of the core. In addition, there is a smaller positive
effect caused by the absence of capture by the removed
sodium,

The calculated reactivities for sodium loss as a func-
tion of fraction of the core voided are listed in Table
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10. In addition, an approximate breakdown of the
components which make up this reactivity effect are
listed. It is observed from Table 10 that the small
maximum positive effect is the sum of large positive
and negative components. For this reason, the agree-
ment between theory and experiment shown in Fig. 9
is gratifying.

8. Ratio of Prompt-neutron Lifetime to Effective
Delayed-neutron Fraction

8.1. Experimental Results

The ratio l/Bets was measured by the pulsed neutron
technique and by noise analysis using cross correla-
tion. The pulsed neutron measurements were reported
by Brunson.™ The noise analysis was reported by
Morrell. (1% Extrapolating the results in References
14 and 15 to the critical reactor gives for the two
methods:

Pulsed neutron: l/Ber = 2.05 X 10—* sec;
Noise analysis: [/Besr = 2.05 X 10—* sec.
The experimental error in these numbers is of the order
of 5%. For the calculated value of Besr of 0.0033 (see
below) and the experimental value of /B, the life-

time is 0.68 usec.

This noise measurement represented the first appli-
cation of the cross-correlation technique to a fast re-
actor. The agreement with the pulsed neutron result
has led to the recommended use of noise analysis to
measure I/ B.e in SEFOR.

8.2. Calculated Value of Besy

The calculated value of Besr for the SEFOR mockup
1s 0.0033. Delayed-neutron parameters for fast fission
recommended by Keepin'® were used. B i1s de-
pendent both on the relative number of fissions be-
tween U238 and Pu®®® and on the relative effectiveness
of delayed versus prompt neutrons. The relative num-
ber of fissions was calculated using eross sections which
gave reasonably good agreement with the measured
U238/Pu??® figsion ratio (see Sect. 9 below). Approxi-
mately 12% of the fissions in the mockup oceur in U238,
The relative effectiveness of delayed neutrons +to
prompt neutrons, Bes/B, is 0.91, and this result is es-
sentially the same for each delayed-neutron group.

8.3. Caleulated Value of Prompt-neutron Lifetime

The lifetime calculation for the SEFOR mockup is
reported in Ref. 4. Using a two-dimensional 16-group
CRAM calculation and using cross sections almost
equivalent to ours, Greebler et al. obtained | = 0.65
psee. Using the SEFOR mockup 60-group cross sec-
tions and one-dimensional radial calculations, we ob-
tained ! = 0.54 psec; however, it is known that the

TABLE 10. CALCULATION OF SODIUM-LOSS REACTIVITY

Voided Zone }

Reactivity ($)
Relative d
Radius . Sodium
Fraction of Leakage | Spectrum
(r/Ro) to Volume Total Com- Com- | Capture
which Voided, ¢ ent Com-
Sodium is | V€4 Yo ponen pon ponent
Voided
0.4 6.4 +0.03 —0.43 | -0.41 | +0.05
0.5 12.5 —0.05 —0.92 | 40.78 | +0.09
0.6 21.6 —0.28| —1.70 | +1.26 | 4+0.16
0.7 34.3 —0.76 —2.86 | +1.87 | +0.23
1.0 100 —4.4 -—8.7 +3.7 +0.6
Vessel — -10.1 —15.6 +4.9 +0.6

one-dimensional result is sensitive to the transverse
bucklings used. Caleulated values were obtained from
the calculated reactivity effect of a 1/v absorber.

For [ = 0.65 usec, the calculated value of 1/Bes is
1.96 X 10—* sec, which is close to the experimental
values. The 0.54-usec lifetime gives an I/ B value 20%
below the experiment.

9, Reaction Parameters

9.1. Reaction Ratios

Relative fission rates of U?3% U238 Pu?%® and Pu2*°
were measured at the core center by means of fission
counters. In addition, U235 and U?3® foils were irradi-
ated at the center and analyzed radiochemically at
Argonne to determine the ratios of the U238 capture and
fission rates to the U235 fission rate.

The measured reaction rates relative to the Pu?3®
fission rate are given in Table 11. The radiochemical
results were normalized to the Pu?®? fission rate by
multiplying by the fission-counter-measured U235 /Py239
fission ratio. Values listed are ratios of reaction rate
per atom; hence, they can be compared to the cal-
culated ratios of the quantity [« (E)®(E)dE. Calcu-
lated values are also listed in Table 11. SEFOR-
mockup 18-group cross sections were used for the
calculations; hence, the Pu®*® cross sections were self-
shielded and the U23% were infinitely dilute.

TABLE 11. CenTrRAL REACTION RATIOS

Ratio Eiﬁiﬁngjlfl Measured ?zftlgék

o (U28) oy (Pu2s?) fission counter 1.09 1.15

o (Pu™?) /o, (Pus?) fission counter 0.219 0.183

o (U238) /o p (Pu?9) fission eounter 0.029 0.098

o7 (U28) /a; (Pu?) foil irradiation 0.026 :
(radiochemical)

oo (U28) Ja; (Pu2??) foil irradiation 0.150 0.143
(radiochemical)
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The U238/Pu2*® ratios are in agreement; the U23®
and PuZ4® values are not as close. Better agreement is
obtained for the U285/Pu23® fission ratio by using in-
finitely dilute Pu2% cross sections (1.08 instead of
1.15), but the self-shielded value is probably more ap-
propriate and its use leads to better agreement else-
where.

9.2. Reaction-rate Traverses

Fission-rate traverses were made using U®*® and
Pu?® fission counters. A boron absorption-rate traverse
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Fia. 10. Radial Pu®9 Fission Traverse.
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was made with a BFs; chamber. The shape of the
traverses in the z direction (radial or axial) were com-~
pared with calculated traverses using eighteen energy
groups.

The measured and calculated radial Pu?® fission
traverses at the midplane of the 2-segment loading are
plotted in Fig. 10. Axial Pu?? and U?3® fission traverses
and the axial boron-absorption traverse for the 2-
segment mockup are shown in Figures 11-13. In each
case the curves were normalized so that the spatial
integrals fa(de over the core were equal for the ex-
perimental and calculated curves. For the Pu?®®
traverses, self-shielded Pu23® cross sections were used
in the fuel regions; infinitely dilute cross sections were
used in nonfuel regions.

Use of the region-dependent cross sections provided
good agreement for the radial Pu?3® traverse. Peaking
in and near the gap in the axial traverses was under-
estimated. It is likely that this underestimate results
from the use of diffusion theory; in fact, Helm et
al.©*7) reported similar underestimates of peaking near
boundaries for traverses in ZPR-6 using diffusing
theory and agreement using transport theory.

9.3. Pu?% Worth Traverse

An axial Pu?? reactivity worth traverse was made in
the 2-segment core with a 24.09-g sample of Pu?*®, The
relative calculated and measured distributions are
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Fig. 14. Axial Pu-239 Worth Traverse.

shown in Figure 14 normalized to equal areas under
the curves in the core.

The caleulated distribution was obtained from the
expression

>0 Z v.07,.,(2)6.(2) Ix, 7 (2) — Z 0a(2)s(2) e (2),

7

where the summations are over the eighteen groups.
As was the case for the fission traverses, the agree-
ment is fair, but the worth in the gap is underestimated.
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Mr. Gandini (CNEN): You mentioned that if you
remove sodium in the vicinity of the sample you lose

Discussion



about 17% of your negative Doppler coefficient. Is the
amount of sodium which you remove large or small?
Removal of a small quantity will give different results
from removal of a large quantity.

Mr. Reynolds: That’s right. This is the effect of re-
moving all of the sodium from the center of the core
for the volume mentioned.
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Mr. Kohler (Texas A&M) : On the basis of the meas-
urements for the control rods in the reflector, did you
decide that you don’t have to have in-core control rods
in your final design?

Mr. Reynolds: Yes, we are sure now that we shall
not have to make provisions for that because we have
sufficient reactivity control margins.





