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ABSTRACT

The gas-cooled fast reactor (GCFR) concept wasstigaed experimentally in the PROTEUS
zero power facility at the Paul Scherrer Institdteing the 1970's. The experimental program was
aimed at neutronics studies specific to the GCFR anthe validation of nuclear data in fast
spectra. A significant part of the program usedritn oxide and thorium metal fuel either
distributed quasi-homogeneously in the referend®,RIO, lattice or introduced in the form of
radial and axial blanket zones. Experimental resuffitained at the time are still of high relevance
in view of the current consideration of the GastedoFast Reactor (GFR) as a Generation-IV
nuclear system, as also of the renewed interet$teirthorium cycle. In this context, some of the
experiments have been modeled with modern MontkCades to better account for the complex
PROTEUS whole-reactor geometry and to allow vallidptrecent continuous neutron cross-
section libraries. As a first step, the MCNPX models used to test the JEFF-3.1, JEFF-3.1.1,
ENDF/B-VII.0 and JENDL-3.3 libraries against spattindices, notably involving fission and
capture of**Th and®*'Np, measured in GFR-like lattices.

Key Words Gas-cooled Fast Reactor, Spectral Indices, Resé&xactors, PROTEUS, MCNP.

1. INTRODUCTION

The Gas-cooled Fast Reactor (GFR) is one of theemis proposed in the framework of the
Generation-1V (GEN-IV) initiative to develop safsustainable, reliable, proliferation-resistant
and economic nuclear energy systems. This reae®rahfast spectrum that can maximize the
usage of uranium resources thanks to its potefdrah high breeding gain, and it can also be
used for high temperature applications such asdggr production [1]. Although the Sodium-

cooled Fast Reactor is seen today as the most girmmtoncept in GEN-IV, the GFR remains

one of the main alternative systems. In this cdntéxe neutronic and thermal-hydraulic

properties of the GFR have been recently analyz#édinvthe Nuclear Energy and Safety

division of the Paul Scherrer Institute (PSI), gsihe in-house code system FAST [2, 3, 4, 5].

* Co-affiliation: Paul Scherrer Institute, 5232 \g#n, Switzerland.
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Interest in gas-cooled fast reactors (GCFRs), hewds not new. Already in the 1970’s, the
neutronics of early GCFR designs was investigakp@ementally in the PROTEUS zero power
reactor at the Paul Scherrer Institute (PSI) int&wiand [6]. The experimental program
comprised a large set of PROTEUS configurationsvabdate lattice and core calculation
methods and associated nuclear data libraries. dMdhe experiments were related to RIWD,
fuelled GCFRs, i.e. to the commonly appliédU/?**Pu fuel cycle. However, several core
configurations were dedicated to nuclear data a&ibad for the alternativ&®*Th/>%U fuel cycle.
For instance, fuel lattices with thorium oxide ghdrium metal fuel rods allowed investigating
the self-shielding of thorium capture cross-sediam fast spectra. Thorium rods were also
arranged to form axial and radial blankets to sttidy interface with PugUO,, which is of
particular interest for breedirf§°U in fast reactors. Radial and axial reaction tedgerses, as
well as spectral indices, were measured to charaetéhe breeding ratio, power distribution,
neutron spectrum, etc.

Experimental results were compared in the 1970t WD and 2D deterministic predictions
obtained using the SN-1D/DIFF-1D and DIFF-2Bde systems, in conjunction with ENDF/B-
IV and FGL5 cross-sections prepared by the GGCéiMWRLAB cell codes. The agreement
between calculated and experimental results wasatbwpiite satisfactory. In 2006, the renewed
interest in gas-cooled fast reactors prompted ssessment of the past experimental results on
the basis of modern codes and nuclear data lilsrgfje These studies were performed at the cell
level using correction factors calculated in th&@9 to account for differences in the spectra
between the PROTEUS test zone and the cell madéhel frame of a recent Master’s thesis [8],
we developed a new 3D model of the full GCFR-PROS$EFEactor, using the Monte Carlo code
MCNPX, to compare an extended set of the GCFR-PRIE measurements to predictions by
modern codes and libraries.

As a first step, the new GCFR-PROTEUS whole-reactodel is used in this paper to predict
spectral indices in the center of the test zonetancbmpare them with values calculated in a
critical single zone lattice, as well as to theuesl measured in PROTEUS. The first comparison
serves to shed light on how representative the HRE®Texperiments are of a large GCFR. The
second comparison allows us to validate the cressBems of the traditional plutonium and
uranium isotopes but also those iNp and®**Th capture and fissiof>*U fission, and (n,2n)
reaction in®*Th. Calculated predictions are based on the modemtinuous energy libraries
JEFF-3.1, JEFF-3.1.1, ENDF/B-VII.0 and JENDL-3.3.

The following section briefly reviews the GCFR-PREXTS program, with emphasis on the two
experimental configurations considered currentlyhe T calculation models and the

representativity of the PROTEUS experiments areudised in Section 3, while the comparison
of the calculated spectral indices with measureldesis presented in Section 4. The final
section provides the conclusions.

2. GCFR EXPERIMENTS AT PROTEUS

In this section, we briefly describe the arrangethm@inthe PROTEUS reactor and the main
studies performed during the GCFR experiments. @faildhe two lattice configurations used in
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this paper to validate the calculated spectralcesli We finally shortly recall how the spectral
indices were measured and what their uncertaintézs.

2.1. Experiments and Core Configurations

PROTEUS is a zero-power reactor featuring a cyloadiicentral cavity that is driven critical by
a surrounding graphite region fueled with 5 w% Af@el pins. The central cavity can be filled
with different fuel arrangements to study differeeactor concepts. In the GCFR experiments,
the central cavity was loaded with a@zone fueled with 5 w% U{fuel pins, a buffer region
containing metallic natural uranium rods in air aacentral test zone filled with a GCFR-
representative fuel lattice (see Fig. 1). This wzdhe arrangement has the advantage of
reducing, by a factor of ~10, the amount of plutomirequired to obtain a critical mock-up
representative of the fast reactor under study. bittiger region modifies the incident driver flux
and plays a crucial role in ensuring that the PROSEentral neutron spectrum is close to that
of a single zone reactor.
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Figure 1. PROTEUS horizontal section during the GCIR experiments

In the GCFR experiments, about 20 different corefigarations were studied from 1972 to
1979. The reference configuration featured in taetral test zone a regular hexagonal lattice
(2 cm pitch) of Pu@UO, fuel rods. The fuel contained 15 w% plutoniumwdfich ~80% was
fissile, and was clad in stainless steel. The fiedlets had a diameter of 6.7 mm and a density of
10.6 g/cni and provided an active length of ~0.83 m sandvechetween a top and a bottom
blanket of depleted uranium (0.42 wd8U, 10.5 g/cr) to make up a total fuel length of 1.4 m.
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In the first part of the measurement campaign,réference Pug@dUO, core configuration was
altered to simulate steam/water entry, effects sfilazassembly stainless steel wallCBontrol
rods and radial depleted uranium blankets. A latgel reflector (0.6 m thick) was also added on
top of the central zone to benchmark iron crossi@edata. The second part of the campaign
was dedicated to the study of thorium nuclear dat@ GCFR spectrum. For this purpose, the
reference Pu@UO, test zone was modified to include, in turn, Lhéhd thorium metal fuel
rods, distributed either quasi-homogenously inl#tigce, or introduced in the form of radial and
axial blanket zones.

In this paper we focus on two of the GCFR-PROTEUWSfiguration, i.e. the reference
configuration described above and a mixed testcéattonfiguration, in which 1/3 of the
PuG/UO; rods were uniformly replaced with Th@ods. In the latter lattice, the thorium oxide
fuel was in the form of sintered particles withensdity of 9.9 g/crhand a diameter of ~400 pm.
The particles were packed into 18/8-steel claddsyto provide an effective ThQuel density

of 6.08 g/cm. Axially, both the PuQUO, and the Th@ fuel were bounded at both ends by the
same length of depleted YO

2.2. Measurement Techniques for the Spectral Indice

Reaction rate ratios were measured using metal 61U, °2Th), aluminum-alloyed fission foils
(**Pu,?*U, *U) and thin deposits on aluminum backif/Nlp). The number of heavy atoms
in the aluminum-alloyed foils could not be deterednaccurately; therefore, spectral indices
relative to fissions irf**Pu required the use of additional calibrafétPu deposits in back-to-
back fission chambers. These fission chambers wsexted into a core cavity (CC), ~20 cm
above the reactor center, and into the thermahwol(r C) located in the graphite reflector of the
reactor (see Fig. 1). This allowed making two typéspectral indices measurements: absolute
and relative to the thermal column (a.k.a. therooahparison technique) [9].

The measurement procedures are best illustratedebgribing the set-up of an irradiation to
measure thé*Th capture t6>*Pu fission ratio (C2/F9) and th&Th fission to®**Pu fission ratio
(F2/F9). For these measuremert&u and®®**Th foils were inserted between fuel pellets at the
core center, and a fission chamber with a calidr&t®u deposit — as well &°Th and***Pu
foils — were inserted into the core cavity; simifdoaded fission chamber and foils were placed
in the thermal column. The C2/F9 index could thendetermined absolutely and by thermal
comparison. For the absolute measurement, C2 wdiscdd from an absolute measurement of
the 312 keV gamma-ray line emitted BYPa, and F9 was determined from the ratio of the
activities of the foils irradiated in the core aanand in the core cavity and from the absolute
2Py rate measured using the fission chamber in dne cavity. For the measurement by
thermal comparison, C2/F9 was obtained asicCF%c = (Ce / C2c) (FOrc / FXxo) (Fc /
F9%c) (C2c / F9c) where RC, TC and CC denote reactor center, tHecwlamn and core
cavity, respectively. The last term is the samexnia a thermal spectrum and is known from the
thermal cross-sections f8t°Th capture and**Pu fission; the other terms are measured. The
thermal comparisons technique cannot, of courseiskd for threshold reactions like fission in
232Th, and F2/F9 was determined only by absolute nteagent. Similar techniques were used to
measure captures and fissiong¥t and®*'Np. For the (n,2n)-to-capture ratio3¥Th, a single
thorium foil irradiated at the center of the teattite was measured, removing the need to
determine the number 6¥Th atoms.
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Measurements with foils are sensitive to self-shing effects, and the thickness of the foils is a
crucial parameter, especially when measuring amiiefdilution reaction rate (e.g. C2 in a
PuG/UO; fuel). Self-shielding was carefully accounted fiy measuring reaction rates with
foils of different thickness. Among the errors ddesed in the absolute measurements, the
statistical counting errors ¢) were in the range 0.1-1%, and the errors assatiaith gamma
self-absorption were about 0.5% for capturé*fTh and®*®U, and 1.5% for**Th(n,2n). The
higher uncertainty for the (n,2n) reaction comesrfithe low energy (25.6 keV) of the measured
23fTh gamma-ray. For the thermal comparison measursnike self-absorption error becomes
negligible but 1-2% errors on the thermal crossisecvalues need to be considered. Using C
and F as abbreviations for capture and fission,2ar&] 5, 7, 8 and 9 f6f“Th, %, 2*°U, 2'Np,
2383y and®**%Pu, the total uncertainty on the measured speicmiites were 1.1-1.3% for C8/F9,
F8/F9, F5/F9, F3/F9 and C2/F9, 1.8-2% for F7/F9 &2¢F9, and 2.3-2.5% for C7/F9 and
(n,2n)2/C2.

3. CALCULATION MODELS AND RESPRESENTATIVITY OF THE EXP ERIMENTS

3.1. Cell Models

Cell models of the reference regular BUD, lattice and the mixed Py@O, - ThG, lattice
were set-up with MCNPX-2.5 [10]. Horizontal sectsomre shown in Fig. 2. The radial
boundaries are reflectivend the height is adjusted to reach criticalityiti€al heights for the
regular and mixed lattices are about 80 and 165respectively. Flux and spectral indices as
well as their energy distributions are tallied e central 10 cm of the Py O, and ThQ fuel,
where the foils measurements were performed. Galons have been carried out with the
ENDF/B-VII.0 [11], JEFF-3.1 [12], JEFF-3.1.1 [13}é JENDL-3.3 [14] data libraries.

Figure 2. Horizontal sections of the cell models fdahe regular PuO,/UO, (left) and the
mixed PuG,/UO; - ThO; (right) lattices

The neutron flux spectrum in the PYOO, fuel of the regular lattice is shown in Fig. 3 foree
of the libraries (with @ error bars indicated). The median energy is ath86tkeV and the flux
below 100 eV is negligible in all cases. ENDF/B-Ulland JENDL-3.3 are seen to agree very
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well, whereas the predicted flux with JEFF-3.1 (alteFF-3.1.1) is slightly higher between
110 keV and 820 keV. Running additional calculagishowed that this effect is readily due to
the 2% cross-sections, most probably because of diftereiin the inelastic scattering. For the
mixed lattice, slightly higher lower-energy fluxegre obtained in the Py@O, and ThQ rods
(median energy ~180 keV), but the results stayeditgtively unchanged.
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Figure 3. Flux spectra in the Pu@/UO, fuel for the reference configuration calculated wth

ENDF/B-VII.0, JEFF-3.1 and JENDL-3.3 libraries
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Figure 4. Energy distributions for 2%u fission and®**U, >*Np and >**Th capture rates in
the PuG,/UO, fuel of the reference lattice, calculated with MCI¥X and ENDF/B-VII.0

Fig. 4 shows the energy decomposition for ##u fission,?®U capture,>*Np capture and
232Th capture rates in the reference lattice usingBN®F/B-VII.0 data. Captures ifi>Th and
23N are seen to be significantly more sensitiveoteelr-energy neutrons than fissions’iPu

or even captures if®U. For example, less than 0.3% of theéPu fissions and*®U captures
occur below 150 eV, whereas the correspondingimastfor captures ir*'Np and?**Th are
about 1% and 1.7%, respectively. The latter twatieas are therefore expected to be more
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sensitive to any low energy neutrons coming froemdhver regions of PROTEUS that have not
been converted in the buffer (see Section 3.3).

3.2. Whole-Reactor Models

The development of the whole-reactor model of PRO$Eas used for the GCFR experiments
has been a painstaking task because of the corgptaxretry of the critical facility and the many
differences between the GCFR experiments and thé&RdBROTEUS program for which a
model was developed previously [15]. Horizontal amedtical sections of the whole-reactor
model are shown in Fig. 5 for the case of the exfee Pu@QUO, core lattice to illustrate this
point. The effort invested to model the two differéest-lattice configurations presented in this
paper will be built upon in the future, when modglihe other configurations of the PROTEUS-
GCFR program.

Figure 5. Horizontal and vertical section of the PRTEUS whole-reactor MCNPX model

For the results presented in this paper, the flux @eaction rates of interest were tallied in the
central pins of the test zone in which the spectimias close as possible to that in a single zone
reactor. Axially, the tallies were limited to 10 dim prevent any spectral distortion due to the
depleted uranium blankets. Calculations were ruh ®NDF/B-VI1.0, JEFF-3.1, JEFF-3.1.1 and
JENDL-3.3, and the differences ingkvalues were less than 200 pcm. Calculations wame r
with 250 million neutrons for JENDL-3.3 and JEFR-3. Calculations with JEFF-3.1 and
ENDF/B-VII.0 were run longer for an improved acayan the spectral index involving (n,2n)
reactions in thorium (see Section 4).

3.3. Representativity of the PROTEUS Experiments

As mentioned in the introduction, one of the kewadages of the GCFR-PROTEUS
experiments has been to limit the amount of plutonirequired to achieve a fast spectrum
representative of a GCFR. This can be tested qtiabty by comparing the flux spectrum of the
cell and whole-reactor models. Fig. 6 shows sucbraparison for the reference lattice using the
ENDF/B-VIL.O library (with 2 error bars indicated). The figure is shown ongtlinear scale,
and the low energy region is zoomed in the indsoiv on a log-log scale. The whole-reactor
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model flux is seen to exhibit a lower median enetggwever, the fraction of neutrons below

1 keV changes only slightly from 0.4% to 0.6% whsing the whole-reactor instead of the cell
model; in both cases, the flux below 100 eV is lgws 0.1%. Therefore, the spectrum at the
center of the PROTEUS test zone indeed well repteshe GCFR spectrum.

Flux spectra with ENDF/B-VI1.0O library
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Figure 6. Flux spectra in the central PuQ/UO, fuel pin of the whole-reactor model and
from the cell calculation

It is also interesting to compute the ratio of gpectral indices calculated in the two models, as
they directly show the relevance of measuring speeatdices in PROTEUS to validate cross-
sections in GCFR spectra. These ratios — or coore¢actors — are summarized in Table | for
the four libraries mentioned previously, as wellfas the FGL5 library, which was used in
conjunction with deterministic codes in the oridiaaalysis of the experimental results [9]. In

Table I and in the rest of the paper C and F standapture and fission and 2, 3, 5, 7, 8 and 9
for 22Th, 23U, 2, 22'Np, %8 and®**Pu, respectively.

Table I. Correction factors for spectral indices inthe reference lattice with their o
uncertainties

Spectral Index] FGL5* |ENDF/B-VI.O | JEFF-3.1 | JENDL-3.3 | JEFF-3.1.1
C8/F9 0.994 (0.5%) 0.988 (0.2%) | 0.990 (0.2%)0.988 (0.3%) 0.987 (0.3%
F8/F9 0.974 (0.5%) 0.978 (0.2%) | 0.974 (0.3%)0.979 (0.4%) 0.973 (0.4%
F5/F9 1.004 (0.5%)| 1.004 (0.2%) | 1.004 (0.2%)1.007 (0.3%) 1.003 (0.3%
C2/F9 1.002 (0.5%)| 1.028 (0.5%) | 1.027 (0.7%) 1.035 (1%) | 1.038 (0.9%
F2/F9 0.979 (0.5%) 0.978 (0.3%) | 0.976 (0.4%)0.980 (0.5%) 0.974 (0.5%
F3/F9 1.027 (0.5%)| 1.026 (0.2%) | 1.024 (0.2%)1.027 (0.3%) 1.026 (0.3%

(n,2n)2/C2 | 0.975 (0.5%) 0.965 (1.5%) | 0.979 (2.1%)0.927 (2.9%) 0.918 (2.9%
C7/F9 1.020 (1%) | 1.033 (0.2%)| 1.035 (0.496).035 (0.5%) 1.038 (0.5%
F7/F9 0.975 (1%) | 0.981 (0.2%)| 0.977 (0.3%0.981 (0.3%) 0.979 (0.3%

Knoxville, Tennessee, USA April 15-20, 2012
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Although the indicated (1) Monte Carlo uncertainties on the C2/F9 and (12222 spectral
indices are high, we can draw several conclusidtiscorrection factors stand within 5% of
unity, except for (n,2n)2/C2 as calculated usingNDE-3.3 and JEFF-3.1.1, for which the
statistical uncertainty is too high to draw cleandusions. Very good consistency is observed
for the different data libraries used with MCNP)§, the average dispersion for each spectral
index is compatible with the standard deviationeach calculation. Results predicted by the
Monte Carlo model do not differ significantly frotie results obtained with deterministic codes
and the FGLS5 data library. Only the C2/F9 indexsdoet agree within®

All in all, we have shown that the spectrum in tenter of the PROTEUS test zone is
representative of a GCFR and that the correctiamtofa calculated with MCNPX compare

favorably with the originally reported determingstvalues. In the next section, the spectral
indices predicted with the MCNPX whole-reactor mlodee compared directly with the

experimental results in both the regular RW®, and the mixed PuflJO, - ThG; lattices.

4. COMPARISON OF SPECTRAL INDICES PREDICTION WITH EXPE RIMENT

A large set of spectral indices was measured inréfierence lattice using foils and fission

chambers (see Section 2.2). Measurements are cedhfraicode predictions in Table Il in the

form of calculation-to-experiment ratio with thelo uncertainty. Results obtained with the

deterministic codes and the FGL5 library during 19&0’s are reproduced for completeness [9,
16].

Table Il. Calculation-to-experiment ratios for spedral indices in the reference lattice with
their 1o uncertainties (differences greater than & are shown bold).

Spectral Index| FGL5 | ENDF/B-VII.0 | JEFF-3.1 | JENDL-3.3 | JEFF-3.1.1
C8/F9 0.984 (1.1%)| 0.995 (1.2%) 0.993 (1.2%) 0.993 (1.2%)991 (1.2%)
F8/F9 1.045 (1.3%) 1.009 (1.4%) | 0.992 (1.4%)1.032 (1.4%)| 0.992 (1.4%)
F5/F9 - 1.012 (1.5%) | 1.012 (1.59%) 1.009 (1.5%) 1.011%d).5
C2/F9 0.972 (1.3%)| 1.015 (1.4%) | 0.985 (1.5%4)0.931 (1.6%)| 0.994 (1.6%)
F2/F9 0.888 (2.0%)| 0.913 (2.1%) | 0.965 (2.1%)| 0.996 (2.194) 0.965 (2.1%)
F3/F9 0.990 (1.3%)| 0.987 (1.4%) 0.992 (1.4%) 0.990 (1.4%)995 (1.4%)

(n,2n)2/C2 | 1.019 (2.5%)| 1.084 (2.9%) | 1.112 (3.2%) 1.026 (3.8%) 1.051 (3.8%)
C7/F9 1.102 (2.3%)| 1.003 (2.4%) | 0.951 (2.4%)| 0.953 (2.4%)| 0.966 (2.4%)
F7/F9 0.983 (1.8%)| 1.003 (1.9%) 1.006 (1.9%) 1.006 (1.9%)969 (1.9%)

MCNPX whole-reactor model with modern librarieslgigevery good predictions for fission in
23U and »U as compared to fission iff*Pu. For fissions irf*®U, #®'Np and?**Th, only
reactions above the 0.5 to 1 MeV thresholds anaifgignt in this spectrum. Good agreement is
seen for thé*'Np fission reaction, which has the lowest thresh@dly a small trend can be
seen in JEFF-3.1.1 where tA8Np fission cross-section has been re-assessed Fik3jon in
238 is well predicted by JEFF-3.1, JEFF-3.1.1 and ENBVII.0, and slightly overestimated by
JENDL-3.3.%%?Th fissions, on the other hand, are underestimbyeds much as 8.7+2.1% by
ENDF/B-VII.0, the agreement for the other threedies being within & The underestimation
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is mainly due to differences in the cross-sectiditss is surprising considering that ti&Th
fission cross-sections in ENDF/B-VII.0 were re-exadkd recently using the latest measurements
performed at the n_TOF and GELINA facilities [17].

238 captures are well predicted by all libraries irCNPX. >*?Th captures are somewhat
underestimated using JENDL-3.3. The re-evaluatemssesections in JEFF-3.1/3.1.1 and
ENDF/B-VII.O lead to better agreement with the aipents.?*Np captures are slightly
underestimated with JENDL-3.3 and JEFF-3.1. The eealuation of the capture cross-section
of #®Np in JEFF-3.1.1 is mainly in the thermal and reswe range. In the fast GCFR-
PROTEUS spectrum, the new cross-section slightlyraves the prediction by about 1%. Note
that the uncertainties on the measured C2/F9 anB9Cspectral indices are 1.3% and 2.3%,
respectively. Longer MCNPX runs would therefore not changepicture significantly.

For the (n,2n)2/C2 spectral index, the uncertaioty the MCNPX whole-reactor model
prediction is not negligible as compared to theewainty on the experimental value (2.5%).
This is why the whole-reactor model with the twéerence libraries ENDF/B-VII.0 and JEFF-
3.1 were run with more particles. Because of the tiequired to run this calculation, the process
was not currently extended to the other librari@s2n)2/C2 spectral index is significantly
overestimated (~10+£3%) using ENDF/B-VII.0 or JEEE;3whereas the agreement for JENDL-
3.3 and JEFF-3.1.1 is reasonable. Interestinglytttbeum cross-sections are the same in JEFF-
3.1 and 3.1.1 and the values of the calculated €#iflex are the same (within 1+1%). The
suggested change in the (n,2n)2/C2 predictiong84%6) could thus be ascribed to differences
in the flux above 6.5 MeV.

The spectral indices involving*Th and ?*®U reactions were also measured in the mixed
PuG/UO, - ThO, lattice. In this cas€’**Th foils were inserted into the Th@ods in order to
investigate the self-shielding effect fofTh capture. Past and present predictions are caupar
to the experiments in Table Il in the form of adktion-to-experiment values. Results obtained
in the regular PugdUO lattice are also duplicated in Table Ill to easmparison.

Table Ill. Calculation-to-experiment ratios for spectral indices in the reference Pu@QuoO,
and mixed PuG/UQO, - ThO, lattices

Spectral Index PuO,/UO, lattice Mixed PuO,/UO, - ThO, lattice
FGL5 JEFF-3.1 FGL5 JEFF-3.1

C8/F9 0.984 0.993 (1.2%) 0.979 0.993 (1.8%)

F8/F9 1.045 0.992 (1.4%) 1.046 0.973 (1.8%)

C2/F9 0.972 0.985 (1.5%) 1.041 0.996 (1.8%)

F2/F9 0.888 0.965 (2.1%) 0.887 0.945 (1.8%)

(n,2n)2/C2 1.019 1.112 (3.2%) 1.079 1.157 (7.2%)

As expected, the slight underestimation of fissiA*“Th is confirmed in the mixed lattice, but

the results are still a large improvement on thkies calculated in the past. Similarly, the
uncertainty on the (n,2n)2/C2 index remains highd & is hard to draw a clear conclusion.
Future longer calculations, especially for the rdiatice, could shed light on the possible over-

’ As can be seen in the FGL5 column of Table Il.
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prediction observed with JEFF-3.1. Finally, the E®Rindex is in perfect agreement in the FhO
rods of the mixed lattice. The self-shielding effiscthus well predicted by the code.

5. CONCLUSIONS

A large experimental program, dedicated to theystfdgas-cooled fast reactors (GCFR), was
carried out at the PROTEUS zero-power reactor e 1870’s. Spectral indices, reaction rate
distributions and reactivity effects were measutedcharacterize the breeding ratio, power
distribution, neutron spectrum, etc. Several modtfons to the hexagonal P&OO, reference
lattice (15 w% Pu) were carried out to simulate ithpact of steam/water entry, large reflector
zones, absorber rods, sub-assembly stainlessvetdieletc. A large subset of experiments was
also dedicated to the use of thorium in GCFRs antded on validating®Th cross-sections
and code predictions for axial and radial thoriuanket regions.

Given the renewed interest for the use of thoriamyvell as the fact that the GFR is a concept
supported by the GEN-IV initiative, the PROTEUS enments are still of high value today.
Their re-analysis with modern tools can thus beegbeneficial. In this frame, we set-up a
generic 3D whole-reactor MCNPX model of the PROTEd&ctor as it was deployed in the
GCFR experiments. As a first step, we used the 3dato (i) check whether the spectrum in
the center of the PROTEUS test zone is indeed septative of a GCFR, and (ii) to validate the
recent ENDF/B-VII.0, JEFF-3.1/3.1.1 and JENDL-3I@dries against a wide range of spectral
index measurements.

The spectrum at the center of the test zone has dmdirmed to be very close to that of a large
single zone GCFR (1-3%). As regards the spectidic@s measured in the reference regular
PuQy/UO; lattice, a good overall agreement has been folihd.ratio of?**Th fission to?**Pu
fission (F2/F9), however, is under-predicted by+8.17% using ENDF/B-VII.0. JENDL-3.3
underestimates the ratio 9fTh capture t&>*Pu fission (C2/F9) by 6.9+1.6% and overestimates
the #*®U-t0-***Pu fission ratio (F8/F9) by 3.2+1.4%. As regards th,2n) reactions iA>“Th,
although the uncertainties remain high, both ENDWIBO and JEFF-3.1 seem to overestimate
the reaction by about 10+3%. Finally, JEFF-3.1 aBNDL-3.3 tend to underestimate tH&\p
capture rate, the agreement being slightly bettér JEFF-3.1.1.

Spectral index measurements in a mixed JAUO, - ThO; lattice have also been analyzed in this
paper. Very good agreement has been obtained é6F4Fh capture rate measured in the BhO
fuel pin, indicating that the self-shielding efféstwell predicted with MCNPX and JEFF-3.1. In
the future, predictions of spectral indices measumethorium metal fuel (with a higher density
of 11.3 g/cm) could confirm this effect further.

Over and above the other GCFR-PROTEUS configurstionwhich spectral indices were
measured, several other types of investigation® warried out at the time, e.g. reaction rate
traverses across thorium/MOX interfaces. Thesedchalp validate codes and data libraries for
gas-cooled fast reactors and thorium usage in aderacontext. In closing, we remain convinced
that GCFR-PROTEUS experiments — despite their agepresent a large source of carefully
measured experimental data whose re-analysis caefibie nuclear community today.
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