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            REGULAR ARTICLE Reassessment of gadolinium odd isotopes neutron cross sections: scientiﬁc motivations and sensitivity-uncertainty analysis on LWR fuel assembly criticality calculations Federico Rocchi 1,* , Antonio Guglielmelli 1 , Donato Maurizio Castelluccio 1 , and Cristian Massimi 2,3 1 ENEA, Italian National Agency for New Technologies, Energy and Sustainable Economic Development, Centro Ricerche “E. Clementel”, Via Martiri di Monte Sole, 4, 40129 Bologna, Italy 2 Department of Physics and Astronomy, University of Bologna, Via Irnerio, 46, 40126 Bologna, Italy 3 INFN, Via Irnerio, 46, 40126 Bologna, Italy Received: 8 November 2016 / Received in ﬁnal form: 11 May 2017 / Accepted: 2 June 2017 Abstract. Gadolinium odd isotopes cross sections are crucial in assessing the neutronic performance and safety features of a light water reactor (LWR) core. Accurate evaluations of the neutron capture behavior of gadolinium burnable poisons are necessary for a precise estimation of the economic gain due to the extension of fuel life, the residual reactivity penalty at the end of life, and the reactivity peak for partially spent fuel for the criticality safety analysis of Spent Fuel Pools. Nevertheless, present gadolinium odd isotopes neutron cross sections are somehow dated and poorly investigated in the high sensitivity thermal energy region and are available with an uncertainty which is too high in comparison to the present day typical industrial standards and needs. This article shows how the most recent gadolinium cross sections evaluations appear inadequate to provide accurate criticality calculations for a system with gadolinium fuel pins. In this article, a sensitivity and uncertainty analysis (S/U) has been performed to investigate the effect of gadolinium odd isotopes nuclear cross sections data on the multiplication factor of some LWR fuel assemblies. The results have shown the importance of gadolinium odd isotopes in the criticality evaluation, and they conﬁrmed the need of a re-evaluation of the neutron capture cross sections by means of new experimental measurements to be carried out at the n_TOF facility at CERN. 1 Introduction Fuel assemblies (FAs) of light water reactors (LWRs) (such as PWRs, BWRs, or VVERs) of 2nd and 3rd generations make extensive recourse to s.c. “burnable neutron poisons” in various forms and technical solutions. These burnable poisons are chosen among those isotopes having thermal neutron capture cross sections comparable or higher than the thermal neutron ﬁssion cross section of 235 U; they are in fact used as competitors to 235 U in the absorption of thermal neutrons, in such a way that, being their absorption parasitic for the neutron chain reaction, they can compensate an initial higher fuel enrichment that, for safety reasons, could not be inserted in the fuel pins. As soon as the fuel in the FAs is burnt during the operation of a given reactor, both 235 U and burnable poisons are depleted so that the compensating effect of the poisons is neutralized at a point in the cycle of the fuel at which the remaining amount of ﬁssile material can be controlled easily and safely by other available means. This idea can naturally increase the overall length of the fuel cycle by allowing higher amounts of ﬁssile material, which corre- spond to higher enrichments in 235 U, loaded in FAs and then in reactor cores. This, of course, means in turn better economy of both the nuclear fuel and of the management of reactors: fuel reloading into cores can be done after longer periods of uninterrupted operation [1]. Several types and forms of burnable poisons have been successfully tested over the past decades; the most common one being gadolinia (Gd 2 O 3 ) mixed directly within the UO 2 fuel matrix; this insures that the burnable poison is never separated from the active material it must control and also enhances mechanical properties of the fuel. Gadolinium oxide is, therefore, a kind of dopant within the UO 2 material itself. The absorption of thermal neutrons is of course provided by the odd isotopes 157 Gd and, to a far lesser extent, 155 Gd. Gadolinium is used, for the sake of simplicity, in its natural isotopic composition. Its ﬁrst use in a commercial reactor dates back to 1973. To give an example, gadolinia as burnable poison is used presently, and since 2002, in the s.c. Cyclades and Gemmes core managements schemes by Electricité de France in its CP0 and 1300 MWe PWR reactors, respectively [2,3]. Not all FAs in a core contain fuel pins  e-mail: [email protected] EPJ Nuclear Sci. Technol. 3, 21 (2017) © F. Rocchi et al., published by EDP Sciences, 2017 DOI: 10.1051/epjn/2017015 Nuclear Sciences & Technologies Available online at: http://www.epj-n.org This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited. 
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 REGULAR ARTICLE
 Reassessment of gadolinium odd isotopes neutron crosssections: scientific motivations and sensitivity-uncertaintyanalysis on LWR fuel assembly criticality calculationsFederico Rocchi1,*, Antonio Guglielmelli1, Donato Maurizio Castelluccio1, and Cristian Massimi2,3
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 � e-mail: f
 This is an O
 Received: 8 November 2016 / Received in final form: 11 May 2017 / Accepted: 2 June 2017
 Abstract. Gadolinium odd isotopes cross sections are crucial in assessing the neutronic performance and safetyfeatures of a light water reactor (LWR) core. Accurate evaluations of the neutron capture behavior of gadoliniumburnable poisons are necessary for a precise estimation of the economic gain due to the extension of fuel life, theresidual reactivity penalty at the end of life, and the reactivity peak for partially spent fuel for the criticalitysafety analysis of Spent Fuel Pools. Nevertheless, present gadolinium odd isotopes neutron cross sections aresomehow dated and poorly investigated in the high sensitivity thermal energy region and are available with anuncertainty which is too high in comparison to the present day typical industrial standards and needs. This articleshows how the most recent gadolinium cross sections evaluations appear inadequate to provide accuratecriticality calculations for a system with gadolinium fuel pins. In this article, a sensitivity and uncertaintyanalysis (S/U) has been performed to investigate the effect of gadolinium odd isotopes nuclear cross sections dataon the multiplication factor of some LWR fuel assemblies. The results have shown the importance of gadoliniumodd isotopes in the criticality evaluation, and they confirmed the need of a re-evaluation of the neutron capturecross sections by means of new experimental measurements to be carried out at the n_TOF facility at CERN.
 1 Introduction
 Fuel assemblies (FAs) of light water reactors (LWRs)(such as PWRs, BWRs, or VVERs) of 2nd and 3rdgenerations make extensive recourse to s.c. “burnableneutron poisons” in various forms and technical solutions.These burnable poisons are chosen among those isotopeshaving thermal neutron capture cross sections comparableor higher than the thermal neutron fission cross section of235U; they are in fact used as competitors to 235U in theabsorption of thermal neutrons, in such a way that, beingtheir absorption parasitic for the neutron chain reaction,they can compensate an initial higher fuel enrichment that,for safety reasons, could not be inserted in the fuel pins. Assoon as the fuel in the FAs is burnt during the operation ofa given reactor, both 235U and burnable poisons aredepleted so that the compensating effect of the poisons isneutralized at a point in the cycle of the fuel at which theremaining amount of fissile material can be controlledeasily and safely by other available means. This idea cannaturally increase the overall length of the fuel cycle by
 [email protected]
 pen Access article distributed under the terms of the Creative Comwhich permits unrestricted use, distribution, and reproduction
 allowing higher amounts of fissile material, which corre-spond to higher enrichments in 235U, loaded in FAs andthen in reactor cores. This, of course, means in turn bettereconomy of both the nuclear fuel and of the management ofreactors: fuel reloading into cores can be done after longerperiods of uninterrupted operation [1].
 Several types and forms of burnable poisons have beensuccessfully tested over the past decades; themost commonone being gadolinia (Gd2O3) mixed directly within the UO2fuel matrix; this insures that the burnable poison is neverseparated from the active material it must control and alsoenhances mechanical properties of the fuel. Gadoliniumoxide is, therefore, a kind of dopant within the UO2material itself. The absorption of thermal neutrons is ofcourse provided by the odd isotopes 157Gd and, to a farlesser extent, 155Gd. Gadolinium is used, for the sake ofsimplicity, in its natural isotopic composition. Its first usein a commercial reactor dates back to 1973.
 To give an example, gadolinia as burnable poison isused presently, and since 2002, in the s.c. Cyclades andGemmes core managements schemes by Electricité deFrance in its CP0 and 1300MWe PWR reactors,respectively [2,3]. Not all FAs in a core contain fuel pins
 mons Attribution License (http://creativecommons.org/licenses/by/4.0),in any medium, provided the original work is properly cited.
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Fig. 1. Relative standard deviation of 155Gd and 157Gd capture cross sections.
 2 F. Rocchi et al.: EPJ Nuclear Sci. Technol. 3, 21 (2017)
 doped with gadolinium; the Gemmes scheme, for instance,foresees a reload of 64 FAs (corresponding to 1/3 of thewhole core), 24 of which contain some pins with Gd2O3mixed to UO2 [2]. The choice of the position within a corewhere FAs with gadolinium fuel pins are placed is alsodictated by an optimization of the power densitydistribution; such an optimization also favors the achieve-ment of higher thermal safety margins for these reactors.
 Gadolinium isotopes cross sections are thereforecrucial in assessing the neutronic performances and safetyfeatures of FAs and whole cores. The proper knowledge ofthese cross sections is not only relevant at the beginning oflife of a FA, but also during its life cycle; in fact, accuratepredictions of the burning rate of odd isotopes arefundamental in the prediction of the appearance of theFA reactivity peak and its intensity. In turn, these twoparameters are of utmost importance in the assessment ofthe criticality safety margins for the storage of partiallyburnt fuel inside Spent Fuel Pools (SFPs) of reactors,especially during postulated loss-of-coolant or loss-of-cooling accidents at these storage facilities [4]. The correctprediction of the 3D spatial distribution of the gadoliniumisotopes remaining within a partially burnt FA that hasbeen put in interim storage in an SFP, possibly during arefueling outage of the reactor, is fundamental for acorrect estimate of the criticality safety margins of SFPs.It must be remembered in fact that the neutron fluxdistribution inside a core is far from uniform, with bothaxial and radial gradients, which produce a non-uniformburning of both fissile isotopes and gadolinium isotopes.
 A good prediction of the depletion of gadoliniumisotopes is also necessary to estimate the s.c. “residualreactivity penalty” that is essentially the value of anti-
 reactivity associated to the high-burnup, equilibriumconcentrations of odd and even isotopes; this value isimportant because if it is too high, it can induce a limi-tation on the total amount of time a given FA can be usedat full power. This effect is unavoidable but should be wellpredictable to foresee a good fuel management scheme. Togive just a rough example, the reactivity penalty due to 16gadolinium fuel pins with initial 8.0wt.% of gadolinia inUO2 for a 17�17 PWR FA (average 235U enrichment of4.5wt.%) corresponds roughly to the “loss” of 5 full-powerdays per year [5]. In the electricity energymarket of France,5 full-power days of an III-Generation EPR reactor tallyroughly to 8M€ [6].
 A more accurate assessment of gadolinium isotopescross sections is also essential for CANDU reactors. In fact,in the case of severe accidents due to or leading to criticalityexcursions, gadolinium nitrate is injected into the heavywater moderator, to reduce/eliminate criticality risk orexcursions. Finally, it should be remembered thatgadolinium isotopes are also fission products and areproduced by the nuclear fuel as its burnup increases; they,therefore, act as neutron poisons also in their role of fissionproducts and they must be accounted for in burnup anddepletion calculations of FAs.
 2 Scientific motivation
 The necessity of an updating in the gadolinium oddisotopes cross sections evaluations is based on a series ofquantitative scientific considerations. First of all, as it isshown in Figure 1, the current gadolinium odd isotopes(n,g) cross sections (in the ENDF/B-VII.1 library) present,
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Table 1. List of evaluations of 157Gd thermal capture cross sections as reported in scientific literature.
 Reference Year Thermal Xs (b) Deviation from ENDF
 Pattenden [7] 1958 264 000 +3.9%Tattersall et al. [11] 1960 213 000 –16%Møller et al. [9] 1960 254 000 =Groshev et al. [12,13] 1962 240 000 –5.5%Sun et al. [14] 2003 232 000 –8.7%Leinweber et al. [10] 2006 226 000 –11%Mughabghab [15]
 2006 254 000±0.3% =Evaluation (adopted in ENDF/B-VII)Choi et al. [16] 2014 239 000 –5.9%
 F. Rocchi et al.: EPJ Nuclear Sci. Technol. 3, 21 (2017) 3
 in the high sensitivity thermal energy range and to the bestof the present knowledge, based on the existing experi-ments, non-negligible (5–10%) uncertainty values. Fur-thermore, the capture cross section of the odd gadoliniumisotopes has not been extensively studied and is not knownwith the accuracy typically required by the nuclearindustry. Looking at the EXFOR database, there seemsto be available only one experimental point for 157Gd(n,g)in the energy region below the resolved resonances, namelyat 2200m/s, which was determined to be roughly 264 000 b.This single data-point was published in 1958 and nouncertainty was associated to it [7]. Again in 1958, theBNL-325 Report instead gave a value of 240 000 b [8]. In1960, a second set of data was extracted from total crosssection measurements [9], which gave a value of 254 000 b.One has then to wait 2006 before having anothermeasurement at 2200m/s [10]: 226 000 b, about 11% lowerwith respect to the value assumed for the ENDF/B-VI.8evaluation (254 000 b). Table 1 shows a summary of thescientific literature historical progression in the 157Gdneutron capture thermal cross sections evaluation asdescribed above. Table 1 shows that even if consideringonly the recent (2003–2014) odd isotopes gadoliniumcapture cross sections evaluations, there is a significative(6–11%) deviation with respect to ENDF/B-VII reference(2006) data. For this reason, the uncertainty (0.3%)associated with the reference data cannot be considered asafe estimate for evaluating the actual range of values thatcould take the thermal cross section. Another scientificcircumstance that suggests a necessity for an improvementof the gadolinium odd isotopes cross sections is the resultsof the French Commissariat à l’énergie atomique et auxénergies alternatives (CEA) qualification program forFrench LWR using the Melusine research reactor inGrenoble, prior to its shutdown and decommissioning. Inthe Gedeon-I experimental campaign (1982–1985), somediscrepancies between experiments and calculations (basedon JEFF-3.1.1) for the depletion of odd Gd isotopes hadalready been found, even though not very large [17]. Thelast experimental campaign, called Gedeon-II (1985–1988),consisted in the irradiation of a dedicated special 13�13PWR FA containing gadolinia pins, up to about 13GWd/MTU, followed by a very accurate post-irradiationexamination in order to make it possible to compare
 experimental results to calculation predictions [18,19]. Atotal of 123 radiochemical data from the post-irradiationexaminations are specifically dedicated to gadoliniumisotopic content. The most recent experiment-to-calcula-tion comparison is that of 2014 by Bernard andSantamarina [19] who used the Apollo2.8 reference deter-ministic code with multigroup cross section libraries basedon the JEFF-3.1.1 evaluated library to simulate theGedeon-II experiment. While the overall predictions ongadolinium isotopics look quite good, still some non-negligible biases are found for 157Gd. In detail, the relativeerror between calculated and experimental data is found tobe roughly between 2% and 25%, depending on the specificlevel of burnup and intra-assembly position. While incertain cases this relative error is affected by a rather highuncertainty s, such that sometimes 2s cover this relativeerror, in many other cases this is not so.Moreover, this non-negligible bias – the ratio between calculated andexperimental gadolinium odd isotopes concentrations hasalways a negative sign in each FA position and at everyburnup level – probably points to the fact that the JEFF-3.1.1/157Gd(n,g) evaluation in the experiment energyrange is incorrect.
 The impact of a recent measurement of the neutroncapture and total cross sections and resonance parametersof gadolinium-isotope in the range 1–300 eV [10] hasalso been tested on BWR reactor physical parameters.In particular, a comparison between computational andexperimental values of rod-by-rod total fission rate (C/E)and modified conversion ratio prediction was performed.The measured values have been produced in the frameworkof the LWR-PROTEUS – a joint research programbetween the Paul Scherrer Institut (PSI) and an associa-tion of the Swiss nuclear operators (Swissnuclear) –experiments in Switzerland. The calculation values wereobtained using CASMO-4 with the real Gd vector and theJEF-2.2 and ENDF/B-VI libraries, and with the Gdeffective vector – developed to take into account the newlymeasured cross sections – with the ENDF/B-VI library.This preliminary study showed that the effect of the newlymeasured gadolinium cross sections seems to have thepotential to resolve, in part, some of the different trendsobserved between calculated and experimental values forthe gadolinium-containing rods [20].
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Table 2. Keff comparison values of a series of ICSBEP experiments.
 ICSBEP Config. Kref ENDF/B-VII JEFF-3.1 Leinweber et al. [10] Improvement
 HST-014C2 1.0000 1.00996 1.01304 1.01903 NC3 1.0000 1.01827 1.01852 1.02636 N
 LCT-035 C3 1.0000 0.99591 0.99556 0.99935 Y
 LCT-005
 C2 1.0000 1.00029 1.00006 1.00466 NC3 1.0000 0.99907 1.00002 1.01651 NC4 1.0000 0.99721 0.99846 1.01602 NC6 1.0000 1.00684 1.00697 1.00962 NC7 1.0000 1.00191 1.00258 1.00846 NC8 1.0000 1.00163 1.00295 1.01213 NC9 1.0000 1.00257 1.00379 1.01459 NC10 1.0000 1.00135 1.00290 1.01474 NC11 1.0000 1.00165 1.00342 1.01544 NC13 1.0000 1.01309 1.01129 1.01303 NC15 1.0000 1.01751 1.01750 1.02436 N
 4 F. Rocchi et al.: EPJ Nuclear Sci. Technol. 3, 21 (2017)
 In the same context of the LWR-PROTEUS program(Phase I and III), a radial distribution of the total fissionrate (Ftot) and the 238U-capture-to-total-fission (C8/Ftot)ratio was measured in BWR assemblies of the type ofSVEA-96+ and SVEA-96 Optima2. The comparison ofmeasured values with an MCNPX calculation has shownan underprediction of Ftot and an overprediction of C8/Ftotin the UO2–Gd2O3 pins when using cross sections obtainedfrom ENDF/B-VI, JEFF-3.0, or JEFF-3.1. Predictionsusing the new set of gadolinium cross sections havebeen found to increase the calculated fission rates in theUO2–Gd2O3 pins and a much better agreement with theexperimental values of the normalized Ftot radial distri-butions. No change was observed on the 238U capturesbecause the flux change in the UO2–Gd2O3 pins above0.625 eV is <0.1% [21].
 Despite the circumstances previously described [20,21],the goodness of the newly evaluated data is not confirmedby tests performed on a set of the International CriticalitySafety Benchmark Evaluation Project (ICSBEP) [22].Table 2 shows a comparison between the reference andthe evaluated criticality coefficient (Keff) as results fromcalculations with ENDF/B-VII, JEFF-3.1 and Leinweberet al. [10] cross sections data.
 As results from Table 2, the use of the new gadoliniumcross sections evaluated data does not involve anyimprovement (except for the LCT-035 C3 system) in thecriticality coefficient evaluation.
 Possible mistakes in the evaluation of the gadoliniumcross sections data are also confirmed by some simulationsthat have recently been made in ZED-2 (Zero EnergyDeuterium) critical facility at the Chalk River Laborato-ries, AECL, to study the reactivity effect up to 1.5 ppm ofgadolinium in the moderator. The experiments at ZED-2and their comparison with simulations were conducted justbecause the most recent evaluation [10] could have posed
 serious safety concerns to CANDU reactors in case it wasconfirmed. One of the results of the study is theinvestigation of the quantitative effect on the k-effectivevalue using various sources of gadolinium neutron capturecross sections in an MCNP simulation of the reactorsystem. In detail, the gadolinium cross sections adoptedhave been the ENDF/B-VII.1 [23]. The multiplicationcoefficient evaluation of the ZED-2 facility obtained bymeans of an MCNP simulation has shown, with respect tothe experimental values, an eigenvalue overestimationusing the ENDF/B-VII.1 [10] data and an underestimationusing the ENDF/B-VII.0 data. The obtained results show,once again, the need for a re-evaluation of the gadoliniumodd isotopes capture cross sections data that appearoverestimated in the ENDF/B-VII.0 and underestimatedin the beta version of the ENDF/B-VII.1 [10]. Further on,pile-oscillation measurements performed in the MINERVEresearch reactor in Cadarache [24] also show stronginconsistencies with the microscopic measurements atRPI [10] for the 2200m/s capture cross section for natGd;the MINERVE result was 49 360±790 b, which was inrather good agreement with the JEFF-3.1.1 value of 48 630b, while the RPI one was 44 200±500 b.
 Finally, concerning the overall behavior of the ENDF/B-VII.1, JENDL-4.0, and JEFF-3.1.1 evaluations forgadolinium isotopes, it is important to quote the giganticwork performed by van derMarck [25] published in 2012. Inthis work, more than 2000 benchmarks from the ICSBEPdatabase were calculated with MCNP6 using the above-mentioned evaluated libraries. The use of a Monte Carlocode to analyze the benchmarks ensures that no calculationerror due to self-shielding of strong absorbers has beenintroduced. The total number of calculated benchmarkswhich contain gadolinium amounts to 164. All of themcome from zero-power experiments without burnup anddepletion of gadolinium isotopes, therefore capable of
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F. Rocchi et al.: EPJ Nuclear Sci. Technol. 3, 21 (2017) 5
 providing indications on the behavior of the evaluationsindependently from the consumption of Gd odd isotopesand buildup of Gd even isotopes. All these calculatedbenchmarks are characterized by thermal spectra, bothwith solid fuel and with solution systems. The resultsshow strong discrepancies between experimental andcalculated values; the C/E� 1 values range between�2000 and +1500 pcm, well beyond the experimentaluncertainties; the three evaluated libraries provide rathersimilar results. In particular, the very important class ofLCT systems, composed of 74 benchmarks, yields valuesof C/E� 1, averaged over all the 74 cases of the class,between �578 pcm (JEFF-3.1.1) and �499 pcm (JENDL-4.0). The general conclusion by van der Marck, comparingthe results from all the 2000 calculated benchmarks, isthat at least some part of theC/E� 1 is to be attributed togadolinium isotopes.
 All in all, there seems to be space and justification fornewer and improved experimental cross section determi-nations in the low energy range, especially targeted to157Gd(n,g), to which very accurate uncertainty andcovariance values should also be added in order to improvethe neutronic analyses of nuclear fuels.
 3 Sensitivity and uncertainty theory
 In this paragraph, a short presentation of the theoreticalbackground of sensitivity and uncertainty analysis isreported. A more detailed discussion of the sensitivity anduncertainty theory is reported in [26].
 3.1 Sensitivity
 An integral reactor parameter Q (i.e., fundamentaleigenvalue, reaction rate, reactivity coefficient) is acomplex mathematical function of its independent crosssections data parameters:
 Q ¼ fðs1; s2; . . . ; snÞ: ð1ÞUncertainty in the evaluation of the independent
 parameters involves a deviation of the integral parameterwith respect to its nominal value. A possible mathematicalevaluation of such deviation can be performed bydeveloping relationship (1) in a Taylor series around anominal value:
 Qðs1; . . . ; snÞ ¼ Qðs10; . . . ; sn0Þ þXni¼1
 ∂Q∂si
 ����si0
 ðsi � si0Þ
 þXni¼1
 Xnj¼1
 ∂2Q∂si∂sj
 ����si0;sj0
 ðsi � si0Þ22!
 þ ⋯ þRnðsÞ: ð2Þ
 If the variations of all independent cross sectionsvariables with respect to the nominal value are such that in(2) the second order term can be neglected (i.e., if it appearsthat (Dsi)
 2≪ 1∀ i), it’s reasonable to truncate the Taylorseries at first order:
 dQ ¼Xni¼1
 ∂Q∂si
 jsi0∂si: ð3Þ
 Relationship (3) can be expressed in a more generalform by introducing the relative difference of the integraland physical parameters:
 dQ
 Q0
 ¼Xni¼1
 ∂Q∂si
 jsi0∂si
 si0⋅si0
 Q0
 : ð4Þ
 Relative variation of Q due to the change of anindependent cross section data parameters can beexpressed in terms of a sensitivity coefficient as follows:
 dQ
 Q0
 ¼Xni¼1
 Sijsi0 ⋅∂si
 si0; ð5Þ
 where the sensitivity coefficients are formally given by:
 Si ¼ ∂Q=Q
 ∂si=si: ð6Þ
 Relationship (6) assesses how a given cross section isimportant in the estimation process of Q, as a function ofthe incident neutron energy; it is capable of estimatinghow much, and in which energy region, an error in thecross section propagates to an error in Q. A completesensitivity coefficient is characterized by two componentsas follows:
 dQ
 Q0
 ¼Xnj¼1
 Sj⋅∂sj
 sj0þ ∂Q
 ∂se⋅se
 Q
 � �⋅∂se
 se; ð7Þ
 where the first and second terms on the right side of (7) aregenerally denoted as indirect (I) and direct (D) effects,respectively. The D term is the contribution to thevariation of the integral parameter Q, as a direct functionof a generic cross section se, due to a simple variation of theenergy dependent cross section of interest se only.However, Q may also be a direct function of the neutronfluxF, which in turn is a function of all the n cross sectionssj of a given system, so that a variation in semay propagatefirst into a variation ofF and, through this, into a variationof Q. This effect is represented by the I term, an indirectcontribution to dQ due to a flux perturbation originallycaused by a variation of se. The indirect term consists,more precisely, of two components, namely, the explicitand implicit ones. The explicit component comes from aflux perturbation caused by perturbing any multi-groupcross-section appearing explicitly in the transport equa-tion. The implicit component is associated with a fluxperturbation due to a change of the self-shielding of anuclide by means of a perturbation of the cross sections ofanother nuclide, so that a variation of se first causes avariation of all the other cross sections sj, and then of theflux. For example, if one considers hydrogen, perturbingthe H elastic value has an explicit effect because the flux isperturbed due to change in H moderation. However, thereis also an implicit effect because changing theH data causesanother flux perturbation because of a perturbation in theabsorption cross section of 238U due to a change in self-shielding [27].
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Table 3. Sources of covariance data in the SCALE 6.1.3covariance library.
 Source Isotopes
 ENDF/B-VII Gd152–158,160 Th232
 Tc99 Ir191,193
 (Pre-release)ENDF/B-VII
 U233,235,238 Pu239
 ENDF/B-VI Na23 Si28–29 Sc45 V51
 Cr50,52–54 Mn55 Fe54,56–58
 Ni58,60–62,64 Cu63,65 Y89
 Nb93 In(nat) Re185,187 Au197
 Pb206–208 B209 Am241
 JENDL Pu240–241
 LANL Hi-Fi H1–3 He3–4 Li6–7 Be9 B10–11
 C12 N14–15 O16–17 F19
 Lo-Fi ∼200 materials (mostly fissionproducts and minor actinides)
 6 F. Rocchi et al.: EPJ Nuclear Sci. Technol. 3, 21 (2017)
 3.2 Uncertainty
 The uncertainties are associated to the cross sections andcan be expressed, for a generic number of nuclides, in amathematical formulation defining a variance-covariancematrix that, with respect to a nuclear reaction r, takes thefollowing form:
 Cs;r ¼c11 . . . c1n...
 ⋱c1n cnn
 264
 375; ð8Þ
 where the generic element cij of (8) represents the varianceðs2
 i;r; i ¼ jÞ and covariance (si,rsj,r ; i≠ j) of the nucleardata. The cross sections uncertainty (cij), convoluted withthe sensitivity (Sj), gives the related uncertainty to beassociated in the evaluation of Q. The uncertainty of the Qintegral parameter can be expressed as:
 s2Q;r ¼
 Xni;j
 Si;rS;rjcij;r: ð9Þ
 Relationship (9) can also be expressed in terms of avector-matrix formulation as follows:
 s2Q;r ¼ SQ;r⋅Cs;r⋅ST
 Q;r: ð10Þ
 The introduction of a sensitivity matrix defined as adyadic product of the sensitivity vector (Si) and itstransposed ðST
 i Þ:
 SQ;r ¼ SQ;rSTQ;r ¼
 s11 . . . s1n...
 ⋱s1n snn
 264
 375; ð11Þ
 allows to represent the relative variance of the integralparameter Q in a more compact form as a dyadic productbetween two matrices [28]:
 s2Q;r ¼ SQ;r : CQ;r; ð12Þ
 where SQ,r is the sensitivity matrix andCQ,r is the variance-covariance matrix.
 4 Calculation tools
 The sensitivity and uncertainty (S/U) codes in SCALE 6.1are collectively referred to as TSUNAMI (Tools forSensitivity and Uncertainty Analysis Methodology Imple-mentation) [29]. The S/U analysis results presented in thispaper have been performed using TSUNAMI-2D, afunctional module of the SCALE 6.1 control moduleTRITON (Transport Rigor Implemented with Time-Dependent Operation for Neutronic depletion), and carriedout to determine response sensitivity and uncertainty.The S/U calculations are completely automated to perform:(a) cross sections self-shielding operations, (b) forwardand adjoint transport calculations, (c) computation ofsensitivity coefficients, and (d) calculation of the response
 uncertainty [30].The calculationprocedure for the (a) step isbased on a rigorous mechanism using the continuous energysolvers BONAMIST and CENTRM for self-shielding in theunresolved and resolved resonance regions, respectively, forappropriately weighting multi-group cross-sections using acontinuous energy spectrum. The CENTRM moduleperforms transport calculations using ENDF-based pointdata on an ultrafine energy grid (typically 30 000–70 000energy points) to generate effectively continuous energy fluxsolutions in the resonance and thermal ranges.This is used toweight the multi-group cross sections to be utilized in thesubsequent transport calculations. After the cross-sectionsare processed, the TSUNAMI-2D sequence performs twocriticality calculations, solving the forward and adjointforms of the Boltzmann equation, respectively, using theNEWTbidimensional discrete ordinate code. In this step, anenergy discretization based on a 238-groups structure isadopted. The sequence then calls the SAMSmodule in orderto compute the sensitivity coefficients.Once the sensitivitiesare available, the uncertainty on the integral parameters ofinterest due to the uncertainty in the basic nuclear data isevaluated according to (12) using the so-called 44 GROUP-COV covariance matrix. The 44GROUPCOV matrixcomprehends a total of 401 isotopes in a 44-group energystructure. The library includes “low fidelity” (lo-fi) cova-riances spanning the full energy range that consists ofORNLcovariances based on the integral approximation in thethermal and epithermal ranges, combinedwith approximateuncertainties generated by the Brookhaven NationalLaboratory (BNL) and Los Alamos National Laboratory(LANL) in the high energy range above 5.5 keV. The highenergy covariance data were generated with nuclear modelcodes and included uncertainties for inelastic (n,2n),capture, fission, and elastic reactions. In addition to lo-ficovariances, LANL has provided full range “high fidelity”evaluations for elements lighter than fluorine. This is asignificant benefit for addressing moderator materials.Table 3 summarizes the sources of covariance data in theSCALE-6 covariance library [31].
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Table 4. Technical specifications of PWR and BWR fuel assemblies.
 FA type 235Uenr. (wt.%)
 Nr. of Gd pins,Gd2O3 enr. (wt.%)
 Moderatordensity (g/cm3)
 Boron contentin moderator (pcm)
 GE7�7 2.93 4, 3.0 0.45 0GE9�9-7 3.61 14, 5.0 0.45 0
 GE10�10-8 4.12 14, 5.0
 0.25
 0
 0.350.450.550.650.75
 UK-EPR-A 3.20 20, 8.0 0.75 0UK-EPR-B 5.00 24, 8.0US-EPR-C3 3.25 12, 8.0+ 4, 2.0 0.75 0
 3.25 12, 8.0+ 4, 2.0 600
 Fig. 2. U.K. EPRFA, enr. 5.0%@ 24Gd fuel pins (left); U.S. EPRFA, enr. 3.25%@ 16Gd fuel pins (center); U.K. EPRFA, enr. 3.2%@ 20 Gd fuel pins (right).
 F. Rocchi et al.: EPJ Nuclear Sci. Technol. 3, 21 (2017) 7
 TSUNAMI-2D simulations have been executed usingthe v7-238 SCALE cross sections libraries based on theENDF/B-VII (release 0) library. The adjoint and forwardtransport calculations have been performed with thefollowing convergence numerical criteria: 10�5 for thecritical eigenvalue and 10�4 for the inner and outer spatialconvergence iterations. The quadrature and scatteringorders (Sn and Pn) respectively have been set to 16 and 1 (2only for the moderator material). The iterative transportsolutions have been accelerated using a coarse-mesh finite-difference approach (CMFD).
 5 Calculation models
 In order to quantify the maximum impact of theuncertainty of the gadolinium isotopes cross sections onthe criticality of a LWR system, calculations have beenperformed on two types of PWR FAs – that present thehighest number of gadolinium fuel pins among the 17�17EPRTM FA configurations [32,33] – and on three types ofBWR FA systems with fuel pins containing gadolinium. Inparticular, the FAs studied are: the UK-EPR FA (UK-EPR-A, UK-EPR-B), the US-EPR FA (US-EPR-C3), the
 7�7 BWR FA (GE7�7) used at the Peach Bottom USAreactor, the General Electric 9�9-7 BWR FA (GE9�9-7),the General Electric 10�10-8 BWR FA (GE10�10-8). Thedetails of physical parameters used for the FAs analyzedare reported in Table 4. Figures 2 and 3 show amaterial andgeometrical representation of the PWR and BWRassemblies configurations as described above.
 Sensitivity and uncertainty analyses have been per-formed for the various cases listed in the previous table tocompute the contribution of the gadolinium odd isotopes tothe overall uncertainty in criticality eigenvalue evaluationsand to investigate the effect of moderator density and thenumber of the gadolinium fuel pins to the globalgadolinium odd isotope sensitivity in the FAs systems.
 6 Results and discussion
 A series of NEWT/TSUNAMI-2D and SAMS5 calcula-tions have been executed for each FA configuration listed inTable 4 to quantify the gadolinium odd isotopes sensitivi-ties and uncertainties for the neutron multiplication factork. In detail, the SU analysis has provided the uncertaintycontributions, in decreasing importance order, to k of any
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Fig. 3. GE BWR 10�10-8 @ 14 Gd fuel pins (left); GE BWR FA 9�9-7 @ 12 Gd fuel pins (center); GE BWR 7�7 @ 6 Gd fuel pins(right).
 Table 5. Contributions to overall uncertainty in criticality eigenvalue for the GE10�10-8 FA.
 Covariance matrix Contributions to uncertaintyin keff (% Dk/k)
 Rank
 Nuclide-reaction Nuclide-reaction Due to this matrix235U nubar 235U nubar 2.62E�01 1.00238U n,gamma 238U n,gamma 2.11E�01 0.80238U n,n0 238U n,n0 1.66E�01 0.63235U n,gamma 235U n,gamma 1.47E�01 0.56235U fission 235U fission 1.41E�01 0.54235U chi 235U chi 1.33E�01 0.51235U fission 235U n,gamma 1.18E�01 0.45238U nubar 238U nubar 8.35E�02 0.32157Gd n,gamma 157Gd n,gamma 6.72E�02 0.26155Gd n,gamma 155Gd n,gamma 5.15E�02 0.2092Zr n,gamma 92Zr n,gamma 4.12E�02 0.1691Zr n,gamma 91Zr n,gamma 3.55E�02 0.141H elastic 1H elastic 3.31E�02 0.131H n,gamma 1H n,gamma 3.08E�02 0.1290Zr n,gamma 90Zr n,gamma 2.74E�02 0.10238U fission 238U fission 2.25E�02 0.09238U elastic 238U n,gamma 1.96E�02 0.07238U elastic 238U elastic 1.82E�02 0.07156Gd n,gamma 156Gd n,gamma 1.77E�02 0.07238U n,2n 238U n,2n 1.26E�02 0.05238U chi 238U chi 1.23E�02 0.0590Zr n,n0 90Zr n,n0 1.13E�02 0.04235U elastic 235U fission �9.77E�03 �0.0494Zr n,gamma 94Zr n,gamma 8.24E�03 0.0316O n,alpha 16O n,alpha 7.43E�03 0.03238U elastic 238U n,n0 7.23E�03 0.03
 8 F. Rocchi et al.: EPJ Nuclear Sci. Technol. 3, 21 (2017)
 nuclear reaction involved. In Table 5, the first 26 mostsignificant contributors to the uncertainty of k for theGE10�10-8 FA at moderator density of 0.45 g/cm3 isgiven. The choice of the GE10�10-8 FA is due to the factthat this is the BWR configuration that contains the
 highest number of gadolinium fuel pins. It can be seen fromthe reported data that the (n,g) reaction of odd isotopes157Gd and 155Gd rank between 0.26 and 0.20 with respect tothe most significant contributor which, therefore, hasalways rank set to one. Rank is here defined as the ratio
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 Fig. 4. Profiles of sensitivity per unit of lethargy about 157Gd(n,g) cross section as a function of incident neutron energy for theGE10�10-8 FA; the two curves refer to different moderatordensities.
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 Fig. 5. Critical fluxes per unit lethargy for the BWRGE10�10-8FA for three different moderator densities.
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 Fig. 7. Critical fluxes per unit lethargy for the BWR PeachBottom 7�7 FA for 2, 4 and 6 gadolinium fuel pins.
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 between the contribution to uncertainty in keff of aparticular couple of nuclide-reaction and the value of themaximum contribution to the uncertainty in keff.
 It can be seen that 157Gd and 155Gd play the mostimportant role immediately after that of 235U and 238U,whose data are either not measurable at present at then_TOFfacilityoralreadyunderexperimental investigation.
 The results of the SU analysis of k with respect to 157Gd(n,g) cross sections are presented in Figure 4. From thisfigure, it can be seen that the energy range of highestsensitivity to the 157Gd(n,g) reaction is between about0.1 eV and 1 eV. In the same figure, two profiles are actuallygiven, at two different moderator densities; it can be seenthat the overall shape of the sensitivity is little affected bythis parameter. It can be concluded that any ameliorationof 157Gd(n,g) cross section in the 1/v energy range,particularly in the 0.1–1 eV range and especially ifassociated to low uncertainty values, can represent a realimprovement in the overall assessment of the neutronicproperties of the FAs here analyzed.
 Figure 4 also shows that the impact of 157Gd(n,g) isslightly higher for BWR FAs at lower moderator densities.
 In Figure 5, the critical fluxes per unit lethargy as afunction of neutron energy for the BWR GE10�10-8 FA,and for three different moderator densities, are given.
 Finally, a sensitivity analysis of the effect of a differentnumber (2, 4, 6) of gadolinium fuel pins on the k-effective inthe BWR Peach Bottom 7�7 configuration has beenperformed. Figure 6 shows the obtained results.
 From this figure, it can be concluded that the value ofthe sensitivity on the overall energy range is significantlyinfluenced by the number of gadolinium fuel pins (roughlyan average factor two every two fuel pins).
 In Figure 7, the critical fluxes per unit lethargy as afunction of the neutron energy for the BWR Peach Bottom7�7 FA for 2, 4 and 6 gadolinium fuel pins are given.
 An analysis of a different boron concentration hasfurthermore been performed on the US-EPR-C3 configu-ration. The results are presented in Table 6.
 The total energy integrated sensitivity of the gadolini-um odd isotopes is slightly higher in the no-boronconfiguration. This condition is in agreement with thephysical circumstance that the configuration with boronpresents a harder neutronic spectrum on which the highsensitivity thermal region of the gadolinium odd isotopeshas less influence. The rank of the odd isotopes is virtuallyunaffected by the boron concentration.
 In order to make a comparison between the differentFAs analyzed, the total energy integrated sensitivities of155Gd and 157Gd have also been evaluated; the results arereported in Table 7.
 From the data of Table 7, it can be seen that, excludingthe configuration which has only four gadolinium fuel pins,the impact of 155Gd(n,g) and 157Gd(n,g) is highest forBWR FAs at low moderator densities. The rank for 157Gd(n,g) ranges from 0.12 to 0.28, while that for 155Gd(n,g)ranges from 0.08 to 0.22. The impact on the k values due togadolinium odd isotopes (n,g) reactions could be from sometens to two or three hundreds pcm at most. However, any
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Table 6. Effect of boron concentration on sensitivity and uncertainty data.
 FA type Total kuncertainty (% Dk/k)
 157Gd(n,g)rank (–)
 155Gd(n,g)rank (–)
 Energy integratedsensitivity to157Gd(n,g) (–)
 Energy integratedsensitivity to155Gd(n,g) (–)
 US-EPR-C3Boron (600 ppm) 0.5241 0.116 0.095 �1.520E�02 �8.595E�03No-boron 0.5203 0.116 0.094 �1.568E�02 �8.696E�03
 Table 7. Energy integrated sensitivity and uncertainty values for the FAs analyzed.
 FA type Total kuncertainty(% Dk/k)
 157Gd(n,g)rank (–)
 155Gd(n,g)rank (–)
 Energy integratedsensitivity to157Gd(n,g) (–)
 Energy integratedsensitivity to155Gd(n,g) (–)
 GE7�7 0.5426 0.12 0.08 �1.827E�02 �7.840E�03GE9�9-7 0.4912 0.25 0.19 �2.971E�02 �1.573E�02GE10�10-80.25 0.5153 0.28 0.22 �3.176E�02 �1.744E�020.35 0.499 0.27 0.21 �3.089E�02 �1.661E�020.45 0.4863 0.26 0.2 �3.001E�02 �1.584E�020.55 0.4763 0.25 0.19 �2.915E�02 �1.512E�020.65 0.4683 0.23 0.18 �2.832E�02 �1.444E�020.75 0.4618 0.22 0.17 �2.752E�02 �1.382E�02
 UK-EPR 0.4913 0.21 0.18 �2.147E�02 �1.413E�02US-EPR-C3 0.5241 0.12 0.09 �1.520E�02 �8.535E�03
 10 F. Rocchi et al.: EPJ Nuclear Sci. Technol. 3, 21 (2017)
 gain in the precision over the estimates of k is more thanwelcome to the nuclear industry and the nuclear safetyauthorities. Any improvement in cross section knowledge istherefore desired.
 7 Conclusions
 A series of scientific results reported in the open literatureshows that the use of gadolinium odd isotopes (157Gd and155Gd) cross sections, currently implemented in the JEFFand ENDF/B-VII cross sections libraries, determines non-negligible differences in the evaluation of a systemcriticality with respect to experimental values. Even themost recent gadolinium odd isotopes cross sectionsevaluations do not produce an improvement in thecriticality value predictions. An S/U analysis on commer-cial PWR and BWR assembly configurations has shownthat gadolinium capture cross sections are among the mostsignificant nuclide-reaction contributors to the uncertaintyin the k-effective evaluation. For these reasons and startingfrom all the scientific arguments presented in this paper, aseries of measurements to re-evaluate, with high accuracyand high resolution, the 157Gd and 155Gd neutron capturecross sections between thermal and 20MeV neutron energyis currently in place at the n_TOF facility of the EuropeanCouncil for Nuclear Research (CERN) [34] and scheduledfor completion before the end of the Summer 2016.
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