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for the validation of depletion calculation tools
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This paper presents the experimental programmes conducted in France by the Commissariat � I'Energie
Atornique (CEA) in order to validate spent fuel inventory calculations fr core studies as well as fuel cycle
studies. This large experimental programme was obtained in collaboration with our French partners, Electricit6
de France (EDF), FRAMATOME-ANP and COGEMA. The experimental data are based on chemical analysis
measurements from fuel rod cuts irradiated in French reactors for PWR-UOx and Mx fuels, then dissolved in
CEA laboratories, and from full assembly dissolutions at the COGEMA/La Hague reprocessing plants for UOx
fuels. This enables us to cover a large range of UOx fuels with various enrichments in 231 U 31% to 45%,
associated with burnups from 10 GWd/t to 60 GWd/t. Recently, Mx fuels have also been investigated, with an
initial Pu amount in the central zone of 56 and a maximum burnup of 45 GWd/t. Uranium, Plutonium,
Americium, Curium isotopes and some fission products were analysed. Furthermore, Fission Products involved
in Burn up Credit studies were measured.

The experimental database contains also data for Boiling Water Reactor (BWR) with irradiated samples of
BWR 9X9 and full BWR assemblies dissolutions. Furthermore some data exist for Fast Breeder Reactor (FBR)
with small samples irradiated in the PHENIX reactor.

An overview of ongoing programmes is also presented.
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1. Introduction We describe here the experimental programmes

In order to validate French neutronic codes for fuel carried out on irradiated UOX and Mx PWR fuels
inventory calculations, a large experimental and used currently for code system validation.
programme based on spent fuel chemical analysis has The experimental information can be classified
been caff ied out in France since 1993. into two groups 

Uranium, plutonium, neptunium, americium and - small fuel pin samples, irradiated in French
curium isotopes as well as some caesium and reactors, with positions in the assembly well
neodyinium isotopes have been analysed in PWR and characterized. The analysed samples are obtained
BWR samples. Furthermore the 15 fission products from cuts of extracted pins. In order to investigate
used in Burnup Credit (BUC) criticality calculations the local irradiation effect, various axial locations of
have been measured for this two types of reactor. The cuts are selected with always a sample cut in the
available experimental information consists of middle of the pin (height = 1900 mm). These time-
chemical assays from fuel rod cuts irradiated in consuming and expensive experiments provide very
reactors and of solution samples derived from full accurate results for a limited number of samples.
assembly dissolutions at the COGEMA/La Hague - dissolution aliquots of entire assembly sets
reprocessing plants. obtained from reprocessing plant (COGEMA/La

For Fast Breeder Reactor the database contains Hague). A lot of these measurements have been
also the results of measurements of actinide samples performed. However the irradiation histories of the
transmutation made in the PROFIL and TRAPU assemblies are not very well known and the fact that
irradiation programme in the PHENIX reactor. dissolutions are performed over batches of several

assemblies limits the usefulness of these data for

This paper describes this large experimental code validation. This type of data is nevertheless
database, provides some comments on chemical used to extend the validation range in a statistical
process and an overview of ongoing programmes. sense.

2.1 The UOx fuels experimental database

2. The experimental database of irradiated PWR Four main programmes related to UOx fuel
fuels samples are used for the experimental validation of
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actinides and fission products inventory " 1,1,4) . They The initial U02 fuel enrichment is 45%.
are named: BUGEY3, FESSENHEIM 11, This experimental programme on a 900 MWe
GRAVELINES, and CRUAS. PWR is the most important being carried out in France

up to now.
The experimental programme derived from the Two assemblies named FF06E2BV and

BUGEY3 reactor was the first representative of the FF06E3BV containing each 20 removable fuel pins
French nuclear power reactors. It involves standard were irradiated for 4 cycles in the Gravelines 3 reactor
PWR fuel, the assembly consists of 17X17 pins clad then in the Gravelines 2 reactor for the fifth cycle. On
in zircaloy 4 The programme covers two assemblies these twenty pins, for the FF06E2BV assembly, 2 pins
with removable pins. One assembly, with 21% initial were extracted at the end of te second cycle of the
enrichment was irradiated for the start cycle, the other reactor, one pin at the end of the 3rd cycle and two
with 31% enrichment was irradiated for 3 cycles. The pins at the end at the fourth cycle but only one was
maximum burnup in this programme is 40 GWd/t. analysed. For the FF06E3BV, two fuel rods have been

The FESSENHEIM 11 programme 4 and cycle extracted after fourth cycles, one was analysed, then 4
irradiations) allows the study of UOx fuel with higher pins were extracted after the fifth cycle, three were

burnup than in BUGEY3. Using an U02 fuel with an analysed.
enrichment of 3 1% 235U, samples with burnup in the Figures and 2 show that we have prioritised the
45 GWd/t to 60 GWd/t range were analysed. Among choice of pins located at the corner of a guide tube
the extracted fuel pins, the following ones have been (filled with water the most part of the irradiation),
selected four pins from the FEC57 assembly after position more representative of an "asymptotic" pin 
four cycles of irradiation and one pin from the FEC52 however a fuel pin with irradiation cycles was
assembly after cycles selected facing a guide tube.

The programme performed with the fuel The CRUAS programme is devoted to the
originating from the GRAVELINES reactor is validation of the URE (Reprocessed Uranium) fuel,

ing reprocessed then enriched uranium. It permitsdevoted to the validation of the calculation schemes us e 236U
validation of th capture cross-section. This

for high burnup fuel and high cycle length operation. programme is characterized by a 3.5 % 235U

enrichment with an initial amount of 12% of 26U.
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Fig.1 Extracted rods in the FF06E2BV assembly
after 2 3 and 4 irradiation cycles Fig.2 Extracted rods in the FF06E3BV assembly

after 5 irradiation cycles

From full assembly dissolutions at COGEMA/La assemblies, therefore we must select sets with very
Hague reprocessing plants, we get uranium and close irradiation histories and burnups.
plutonium chemical analyses. The involved
assemblies are 900 MWe 17X17 PWR with 31%,
3.25% or 345% enrichments and with burnups
between 25 to 45 GWd/t. One can notice that the
dissolution process involves batches of several
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2.2 The MOx fuels experimental database zone is characterized by a high Pu content 5.6%) and
Currently, in France, twenty-four 900 MWe PWRs the peripheral zone by a small Pu content 2.9%).

are devoted to the Pu recycling in 30% mixed core Two Mx fuel assemblies were selected for the
loading. This increase of French MOX fuel cycle SLB1 programme. The extracted and analysed Mx
emphasizes the need for enlarge the experimental rods were irradiated for 1 2 and 3 cycles, with
database to plutonium-fuclled assemblies. burnups ranging from about 10 GWd/t to 45 GWd/t.

The experimental PIE programme devoted to MOx
fuels is described hereafter. Figure 3 shows the position of the rods extracted

from the Mx assembly. The associated number
The first French reactor using Mx assemblies is indicates the irradiation cycle length (the rods

the so-called SAINT-LAURENT reactor. The PIE extracted after I cycle comes from another assembly
analyses are carried out on fuel cuts coming from this but for simplification we put them on the same figure).
reactor 45). On this figure, we represent the Mx surrounded by

UOx assemblies, in order to point out that in the
The standard Mx assemblies, used in Saint- neutronic calculation this environment must be

Laurent 131 include three zones with different modelized to represent the thermal neutron current
plutonium enrichments to flatten the within assembly from the UOx toward the Mx assembly.
power distribution and to attenuate fission rate
discontinuities at the MOx-UOX interface. The central
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U02 fuel rods (3.25w/o U-235/1.1 Enrichment)

Fig. 3 Position of the rods extracted from the Mx assembly (SLB1 programme)

The extraction and analysis of Mx pins fom te validation for the first fuel pins irradiated for 4 cycles.
reactor GRAVELINES 4 enables us to have a We dispose of analyses for two fuel rods extracted
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after 3 et 4 cycles in two different assemblies. The

central zone is characterized by a high Pu content of NUA = Major Actinides : 234 U, 235 U, 236u, 238PU, 239pU,

6.0% and the peripheral zone by a Pu content of 3.1%- 24OpU, 241PU, 242PU

MA = Minor Actinides 237 Np, 241AM, 242M Am,
Table 1 summarises the various programmes for 243,4jn, 243CM, 244cM, 245cM, 246CM, 247CM

PWR UOx and Mx fuel all these programmes are BUC = B-nup Credit 147sM, 149sru, 150sM, 151SM,

completed. The chemical analyses performed for each 152SM, 95Mo, 99Tc, 101 Ru, 03 Rh, 153 Eu, 19Ag, 155Gd
programme are also indicated. Uranium, plutonium, (plus 155 Eu, 154 Eu and 114 Gd to check 155 Gd build up)
americium and curium nuclides are always analysed. Nd : neodymium isotopes :143 Nd, 144 Nd, 145Nd, 146 Nd,
Additionally for a few experiments (BUGEY, 148Nd, 15ONd
GRAVELINES and Saint Laurent 131) fission product Cs caesium isotopes : '33cS, 134cS, 135cS, 137cS

chemical analyses (elements Sm, Rh, Nd, Cs, Mo, E, y spectrometry: 154 Eu/ 137CS' 'Ru/ 137cS, 134cS/1 ",Cs,

Gd, Ag, Ru), have been performed to measure their 144Ce/ 137cS
to 23 composition relative U, as well as their absolute

isotopic composition. These fission products are
involved in French Burnup Credit studies 67).

In this table 1, the following abbreviations are used
and the corresponding analysed isotopes are listed 

Table The experimental database for PWR-UOx and MOx fuels

PROGRAMME Fuel Enrichment Burnup range Experimental data
name I I

Bugey 3 REP 17x17 2.10% MjA, MA, Nd, Cs,
1 to 3 cycles UOX 3.10% 19 to 38 GWd/t BUC

Fessenheirn. 2 REP 17x17 MjA MA, Nd
2 cycles UOX 2.60% 27 to 30 GWd/t

Fessenheim 2 REP 17x17 MjA, MA, Nd, Cs,
4 & cycles UOx 3.10% 45 to 60 GWdA

Gravelines 32 REP 17x17 MjA, MA, Nd, Cs, BUC,
2 to cycles UOX 4.50% 25 to 62 GWd/t Y pectro

Cruas 4 URE REP 17x17 3.61% 1 1 to 34 GWd/t MjA, MA, Nd
1 to 3 cycles UOx coming from U6 / = 12%

URT

Saint Laurent BI REP 17x17 U app 022% MjA MA, Nd Cs
I to 3 cycles Mox Pu 4.5% 10 to 45 GWd/t BUC

3 zones 3 Pu content U + PU

Gravelines 4 REP 17x17 U app 022%

3 4 cycles Mox Pu 4.5% 40 to 50 GWd/t MjA, Nd
central zone U + PU

intermediate zone I

La Hague REP 17X17 3. 1 % 325 3.45 % 25 to 45 GWd/t MiA

Fuel dissolution UOx

3. The experimental database of irradiated BWR enrichments and burnups ranging between 20000 to
fuels 40000 MWd/t. The amounts of depleted U and Pu

The experimental database for BWR contains are only available.
chemical analysis results coming from samples An important experimental programme was
irradiated in reactor then dissolved, and from full launched concerning chemical analyses of samples
dissolution of various assemblies. of fuel rods irradiated in the GUNDREMMINGEN
In the full assembly dissolutions at COGEMA/La reactor. Table 2 summarises the chemical analyses
Hague reprocessing plants, the involved assemblies performed in this programme.
are 7X7, 8X8 and 9X9 BWR with various
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Table 2 Summa of analys s for the BWR GUNDREMMINGEN jaramme

Sample Estimate Estimated y Spectro
Fuel position Analyses
rod /bottom of d Burnup Void and Other

fraction neutron
furl emission analyses

(mm (GWd/t) M -UTPul Nd Am Cm Np .. (Jabs

A 200 26.5 1.5 X X X X X X

600 45.4 15.9 X. X X X X X

845 47.2 1 24.2 X X X X X X

B 200 26.3 1.5 X. X X X X X X X

600 45.0 15.9 X X X X X X X X

685 46.0 18.7 Z X X Cs

F815 46.9 23.2 X X X X X X X X BUC

B 1170 46.3 34.5 X X X X X X X X

1440 46.3 42.0 X X X X X X X X

1680 45.0 47.2 X X Cs

1815 45.0 50.1 X X X X X X X X BUC

2300 43.8 57.9 X X X X X X X X

B 2780 41.9 63.3 X X X X X X X X

3290 35.4 67.3 X X

j 3420 j 32.0 j 68.2 j X j X j X j X j X j X j X j X j

*BUC = Bumup Credit isotopes (see page 4)

4 The experimental database for Fast Breeder In the PROFIL-1 experiment, the irradiated
Reactors isotopes were : 235,238U, 38,239,240,241,242pU, 241,6,m.

: 232 233,234,235,238u, 237Two types of irradiation experiments have been In PROFIL-2 they were Th , Np,
carried out in the French PHENIX reactor� : fuel rod 231,239,240,241,242pu, 241,243 Am, 244 Cm.

irradiations (the TRAPU experiment) and irradiations
of pure isotopic samples (the PROFIL and 2 5 Some comments on chemical analyses
experiments). After irradiations, chemical analyses are After being cut in the CEA/CADARACHE/LECA
carried out for cuts of fuel rods and for the irradiations laboratory, the samples of irradiated fuel rods are
samples. The irradiation of pure samples is more dissolved in nitric acid by the CEA in the COMIR or
devoted to giving information concerning capture and ATLANTE aboratories. The dissolved solutions are
(n,2n) cross-sections. sent to CEA/SACLAY in order to be analysed.

The TRAPU experiment was a six-cycle Uranium and plutonium are first separated with an
irradiation of mixed oxide fuel pins containing ion exchange resin and are then ready for isotopic
plutonium of three different isotopic compositions. characterization by mass spectrometry. The remaining
These compositions are detailed in Table 3 TRAPU1 fraction of the solution is used in order to separate by
and TRAPU2 are quite similar in isotopic liquid chromatography the minor actinides Americium
composition, TRAPU3 contains a higher Proportion of and Curium (interaction between masses 242 and
240pti . The chemical analyses focused on Uranium and 243), the Nodymium, Cerium, Promethium and
Plutonium isotopes. Sainarium (interaction between masses 142, 144, 147,

148 and 150) and Caesium and Barium (interaction
Table 3 Pit is topic composit on of the T U pins between masses 134,135 and 137).

238PU 239PU 24GpU 241pit 241pit The isotopic content of the various fractions and

TRAPU-1 0.1 73.3 21.9 4.0 0.7 their amounts are then measured by isotopic dilution
TRAPU-2 0.8 71.4 18.5 7.4 1.9 mass-spectrometry using a thermo-ionization-type
TRAPU-3 0.2 34.0 49.4 10.0 6.4 mass spectrometer (TIMS). For Am, Cm and Cs

isotopes a specific method of 'total consumption' in
TIMS has been developed and give very accurate
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results. The isotopic dilution uses double or triple ICPMS (Inductively Coupled Plasma Mass
isotopic spikes such as 242PU/233u/145Nd, 133CS/233U, Spectrometry) and the 242 Cm by alpha spectrometry.
243 Am/ 233 U, 241CM/233U (used for the determination of Some percentage uncertainties of the analytical
Cm/U ratios). The 23'N P/23'U ratio is measured by value, depending on the nuclides, are given in

maximum values in the Table 4.

Table 4 Uncertai ties of analytical values for some actinides and FPs
234u, 236u 2!!� �P 239,240,241,242 Pu Np Am Cm(243 t. 246) Nd Cs

Uncert I - 1% < 02% < % < 04% <4% <3% < 2 0.5% < %

6 Ongoing programmes 7 Conclusion
Four main programmes are currently in progress. The French PIE experimental database presented

in this paper offers valuable data with very low
For metallic BUC fission products such as 95 Mo, experimental uncertainties. These data are currently

99Tc, 1Ru, 103 Rh and 19Ag the chemical dissolution used in the validation of nuclear data and French
process in the COMIR laboratory is not yet optimised depletion calculation tools.
and our first calculation-experiment comparisons have In order to take up new nuclear challenges the
shown inconsistency due to the experimental results. experimental database is always in progress.
In fact, for these metallic fission products, the
dissolution is not total and non-soluble deposits yield
to inaccurate analyses. New results should be obtained References
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