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REACTIVITY MEASUREMENTS ON BURNT AND REFERENCE FUEL SAMPLES
IN LWR-PROTEUS PHASE!II

M.!Murphy, F.!Jatuff, !!P.!Grimm,!R.!Seiler, !A.!Lüthi,! R.!van Geemert,!R.!Brogli, !R.!Chawla,!
G.!Meier (Kernkraftwerk Gösgen),!H.-D. Berger (Framatome ANP)

During the year 2002, the PROTEUS research reactor was used to make a series of reactivity
measurements on Pressurised Water Reactor (PWR) burnt fuel samples, and on a series of specially
prepared standards. These investigations have been made in two different neutron spectra. In addition,
the intrinsic neutron emissions of the burnt fuel samples have been determined.

1 INTRODUCTION

Present-day and future challenges for the design and
operation of nuclear power plants in Switzerland are
being driven by the deregulation of the electricity
market and the consequent fall in prices. Advances
are being made in the optimisation of fuel elements,
resulting in ever more complex and heterogeneous
designs. One such advanced Boiling Water Reactor
(BWR) element (SVEA96+) was investigated in the
LWR-PROTEUS Phase I programme [1]. Another
approach to optimising the return on investment is to
lengthen the time the fuel remains in the reactor, i.e.
to increase burnup.
In order to obtain higher burnup, the initial 235U-
enrichment of the fuel is increased. In fact, the current
tendency of fuel management and core design is to
increase the initial 235U enrichment from about 4% to
more than 4.5%, and the batch discharge burnup level
is now typically about 50!GWd/t (instead of 30-40
GWd/t).
Running fuel to higher burnup requires accurate
techniques, both for fuel assembly inspection, and for
the analytical prediction of the operational
characteristics of LWR cores containing the highly
burnt fuel. From the physics viewpoint, this implies an
accurate knowledge of isotopic compositions. Fuel
rods with average burnup values beyond 50!GWd/t
are characterised by relatively large amounts of
fission products, and by a high abundance of major
and minor actinides in a degraded UO2 matrix.
Moreover, the composition of actinides and fission
products becomes ever more complex at increasing
burnup levels. The most direct consequence of the
increased complexity at high burnup is the increase in
the discrepancies between predictions from different
codes.
A key task in seeking to improve calculational
methods is the acquisition of precise experimental
knowledge of the physical and chemical behaviour of
high-burnup fuel in relation to a wide spectrum of
needs. Short and medium term interests cover issues
such as core-follow and core performance, shutdown
worth and reactivity coefficients, and criticality safety
of pool storage and transport casks. Longer-term
considerations include topics such as resource
utilisation, radiotoxicity reduction, waste disposal, and

non-proliferation, which will all play key roles in a
more sustainable utilisation of fission nuclear energy.
Of particular interest is the change in the reactivity of
the fuel as a function of burnup and the capability of
modern codes to predict this change. Figure!1 shows
a typical variation of k-infinity (i.e. the ratio of total
neutron production to total absorption) with burnup.
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Fig. 1: Typical Variation of k-infinity with Burnup.

2 LWR-PROTEUS PHASE!II
The ongoing LWR-PROTEUS Phase!II programme
[2], a continuing collaboration between the Swiss
nuclear power plants and PSI, is the framework for the
study of six uranium oxide (UO2) and three!mixed
oxide (MOX) burnt fuel samples. These were all
fabricated by the same fuel vendor (Framatome ANP)
and discharged from the same Swiss PWR
(Kernkraftwerk Gösgen).
A list of the fuel rods under investigation is given in
Table 1. The wide range of burnup levels under
investigation (up to 85!GWd/t in the case of UO2 and
60!GWd/t in the case of MOX) will be extended in
2003 to 100 GWd/t and 70!GWd/t, respectively, and
two! BWR samples will also be added to the list.
Table 1: Selected Burnt Fuel Rods in Phase!II.

Fuel
Type

Sample
Local Burnup Discharged

UO2 39.1!GWd/ton June 1996
UO2 53.5!GWd/ton June 1995
UO2 74.4!GWd/ton June 1995
UO2 74.5!GWd/ton June 1995
UO2 83.5!GWd/ton June 1995
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UO2 85.3!GWd/ton June 1995
MOX 22.3!GWd/ton June 1998
MOX 41.4!GWd/ton July 1999
MOX 60.0!GWd/ton July 2000

The experimental investigations cover the following
three independent, complementary approaches:
(i) Post-irradiation examination in the PSI Hot Lab

( L a b o r  f ü r  W e r k s t o f f  V e r h a l t e n )
for the characterisation of fuel rod elongation and
deformation, metallographic analyses, fission gas
release measurement, cladding inspection, oxide
thickness determination and axial gamma scans;

(ii) Chemical assays (in the PSI Hot Lab)
to quantify the isotopic composition of the nine
most abundant major actinides, eight minor
actinides and 33 fission products — the most
important from neutronics, toxicity and radioactive
source-term viewpoints; and

(iii) Reactivity measurements ( i n  P R O T E U S )
to compare the reactivity effects of the burnt fuel
samples with well-characterised fresh fuel samples
(some for calibration and others specially prepared
with individual additives).

The present paper reports principally on the first
series of reactivity effect investigations carried out
with the full range of samples.

3 INVESTIGATIONS OF REACTIVITY EFFECTS
The PROTEUS facility was modified during 2001 to
include a 160!mm x 160!mm central PWR test zone of
fresh, full-length fuel rods of 4.3w% 235U-enrichment.
This fuel was supplied by Kernkraftwerk Gösgen, with
support from their current fuel supplier Framatome
ANP. Analogously, Kernkraftwerk Leibstadt and
Westinghouse Atom have provided the BWR fuel
assemblies placed in the outer 450 mm x 450!mm
region of the test tank. In the spring of 2002, the fuel
in the outer region was changed from SVEA96+ to
SVEA96 OPTIMA2. The fuel configuration is
illustrated in Fig. 2.

Fig.!2: A view of the Fuel Configuration for LWR-
PROTEUS Phase!II showing the Central PWR
Region Surrounded by OPTIMA2 BWR
Assemblies.

A guide tube in the centre of the PWR region
facilitates the insertion of test samples into the core
centre. The driven nature of the reactor configuration
enables a range of representative neutron-spectrum
conditions to be investigated (standard spectrum with
full-density H2O, and hardened spectra with mixtures
of H2O and D2O, or boric acid and H2O).
3.1 Transfer of Overcanned Burnt Samples
Each of the burnt fuel samples has been overcanned
in the Hot Lab with a special Zircaloy cladding, which
was welded using a certified procedure to guarantee
leak tightness and freedom from contamination. A
combined transport flask and sample changer (Fig. 3)
was used for the simultaneous transfer of up to
four!burnt fuel samples from the Hot Lab for their
subsequent measurement in PROTEUS. The sample
changer has a control unit that also acts as a data
logger during the measurements.
The transport flask remains in place above the reactor
throughout the reactivity measurements, and serves
to move the samples in and out of the reactor during
the experiments.
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Fig.!3: The Transport Flask/Sample Changer.

3.2 Burnt Sample Reactivity Measurements
The reactivity difference between burnt and fresh fuel,
and its variation with burnup, is deduced from the
effect on the neutron balance of the PROTEUS
reactor by introducing 40!cm long test samples, one at
a time, into the core centre. In neutronically driven
systems such as PROTEUS, it is useful to quote
relative reactivity worths, i.e. the differences in
reactivities between the burnt samples and a
reference sample, normalised by the difference
between the same reference and a further well known
reference. In the current measurements, the two
references are 3.5w% UO2 and natural UO2. For small
reactivities (a few cents), such ratios in an
appropriately designed driven configuration are the
same as they would be in the corresponding,
hypothetical, single-zone system. (The reactivity unit
of a cent is one hundredth of a dollar, and a dollar is
equivalent to the delayed neutron fraction, i.e. about
0.007).
Two methods of reactivity measurement are used:
compensation and stable period. Each derives a
reactivity value by analysing the change in the reactor
state when a sample is inserted, but each in a
different way. For the compensation method, the
reactor control rods are used to keep the reactor

power constant by compensating for the reactivity
change caused by the introduction of a sample. In
particular, an automatic fine control rod is used
(known as the Autorod). This rod is controlled by a
servo feedback system, which compensates
automatically for small reactivity changes. The
positions of all of the control rods are recorded every
second by a data logger that is part of the sample
changer control system.

Figure 4 shows the movements of the automatic
control rod during a typical measurement sequence. A
reference sample (usually 3.5w% UO2) is inserted
first, followed by the first burnt sample to be
measured, and then the reference sample again, and
so on; the sequence is usually repeated three times.
After corrections for slight non-linearities, the
movements of the control rods are indicative of the
reactivities of the test samples. The difference in
reactivity between the burnt sample and the reference
is found by time-wise interpolation. This method of
analysis has the advantage of cancelling any long-
term drift in the state of the reactor. To put the
measured reactivities on an absolute basis, the
compensation method has to be calibrated using the
stable period method.
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Fig. 4: Autorod Movement During a Compensation
Measurement.

In the stable period method, the control rods remain
fixed whilst a sample is inserted, the resulting change
in reactivity causing the reactor power to diverge from
its steady value. After a short time, the divergence has
a simple exponential form. The time for the reactor
power to increase, or decrease, by a factor of ‘e’ is
known as the reactor period. The higher the worth of
the inserted reactivity, the shorter is the stable period,
and the more rapid is the change in power. Using the
data logger, count-rates are recorded from six neutron
detectors located at different positions in the reactor.
Figure 5 shows the change in power recorded during
a typical set of stable period measurements. By
analysing the recorded exponential flux evolution, the
reactivity of a sample in the PROTEUS reactor can be
determined on an absolute basis. The results of such
an analysis are shown in Fig. 6. Stable period
measurements are usually less precise than the
compensation method, but they are completely
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independent and have the advantage of providing
absolute values of reactivity.
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Fig.!5: Flux Variation During a Period Measurement.
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Fig.!6: Reactivity Values Derived from a Period
Measurement.

3.3 Comparisons with Calculations
Figure 7 shows an example of a comparison of
measured and calculated reactivity worths (reactivity
effect in PROTEUS of replacing a fresh, reference
sample at its centre by a burnt fuel sample),
expressed in each case relative to a well-known
reactivity difference (between the fresh 3.5%
reference and a fresh natural UO2 sample). The

calculations were performed using a simplified whole-
reactor BOXER [3] model for PROTEUS. It is seen
that discrepancies are of the order of 6% higher for
MOX than for UO2, and in both cases diverging further
from unity with increasing burnup.
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Fig.!7: Relative Reactivity Worths of Sample
Replacement in LWR-PROTEUS D2O/H2O
mixture: Calculational Results Using a
BOXER Whole-Reactor Model, Divided by
Experimental (E) Values.

3.4 Special Samples Reactivity Measurements
Special samples were manufactured by Westinghouse
Atom in order to provide reference reactivity worths
and thus added value to the series of measurements
with burnt samples. Additives corresponding to certain
important fission products were blended with uranium
oxide and then sintered to produce pellets. A list of the
samples is given in Table 2.

Table 2: Special Samples.
ID Nuclide Additive Nominal

Mass of
additive g

No. of
pellets

Nd-1 Nd-143 Nd2O3 5.957 45

Rh-1 Rh-103 Rh2O3 2 55

Rh-2 Rh-103 Rh2O3 5 56

Gd-1 Gd-155 Gd2O3 0.048 67

Gd-2 Gd-155 Gd2O3 0.0903 65

Sm-1 Sm-149 Sm2O3 0.0151 68

Sm-2 Sm-149 Sm2O3 0.0248 64

Sm-3 Sm-149 Sm2O3 0.0495 67
B-1 B-10 B4C 0.04 87

B-2 B-10 B4C 0.26 91

Cs-1 Cs-133 CsO2 8.7 66

Cs-2 Cs-133 CsO2 17.5 71

Cs-3 Cs-133 CsO2 35 66

FP-
50

Nd-143
Rh-103
Sm-149
Cs-133

Nd2O3
Rh2O3
Sm2O3
CsO2

1.05
 0 . 7
0.0035
1.3

65
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Cs-133 CsO2 1.3

So far, detailed reactivity measurements of the special
samples have been made with the water/heavy water
mixture as moderator. In 2003, this will be extended to
the other moderation conditions. The measurements
indicate that, in most cases, there is a linear
relationship with increasing amount of additive, but
that the absolute values do indeed need to be
calibrated. Disappointingly, the caesium and boron
additives appear to have almost completely
disappeared during the sintering process. A chemical
analysis of representative samples will be made in the
Hot Lab as part of the ongoing analysis of the burnt
samples. In addition, investigations have been made
by neutron radiography in the SINQ facility [4] at PSI.

4 NEUTRON EMISSIONS
Determination of the intrinsic neutron source of each
of the burnt samples has been achieved by inserting
them into PROTEUS, one-by-one, with the reactor in
a slightly sub-critical state. In this condition, the
neutrons emitted from the samples into the multiplying
reactor environment result in a suitably significant
count rate on the reactor instrumentation neutron
channels. Figure!8 shows these preliminary
determinations of neutron source strengths, which
increase dramatically with burnup. The immediate
application of such measurements is the accurate
estimation of neutron sources for the calculation of
radiation shielding. In fact, the total dose rate at the
outer surface of spent fuel casks is usually governed
by the neutron dose rate, and thus a certified cask
design for <50!GWd/t fuel may very well become
unusable if burnup is extended. The neutron source is
mainly related to the spontaneous fission of 244Cm
(especially for fuel with a relatively long cooling time).
However, other spontaneous fission and (a,n) sources
are also present in the composite sample.
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Fig.!8: Relative Neutron Source Strengths of
Different LWR-PROTEUS Phase!II Samples.

5 FUTURE DEVELOPMENTS
In 2003, the scope of LWR-PROTEUS Phase!II will be
expanded in the following directions. Two additional
KKG samples will be prepared with new, record
burnup values (9-cycle UO2 with >100!GWd/t, and 4-
cycle MOX with >70!GWd/t). Two KKL samples (45
and 70!GWd/t) will also be prepared for analysis. A
new moderation condition, using borated water to give
an additional neutron spectrum environment, will be
implemented in the central PWR test region of
PROTEUS.

6 CONCLUSIONS
In the LWR-PROTEUS Phase!II programme during
2002, the reactivity worths of nine PWR burnt fuel rod
segments were measured. in two different neutron
spectra. The burnups range from 39!GWd/t to
85!GWd/t for the UO2 samples, and from 22!GWd/t to
60!GWd/t for the MOX samples. On completion of the
LWR-PROTEUS Phase II measurements, a unique
set of experimental data on the physics properties of
high-burnup fuel will have been obtained on samples
with record burnups, accurately determined reactivity
worths and chemical compositions, and accurate
irradiation histories. This will serve to support future
burnup increases, on the one hand, and provide the
necessary justification to reduce the current level of
conservatism in fuel element and core designs as well
as in fuel storage and transport planning, on the other
hand.
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