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Foreword

Under the auspices of the NEA Nuclear Science Committee (NSC), the Working Party on
Nuclear Criticality Safety (WPNCS) has been established to co-ordinate scientific activities
relevant to criticality safety. Specific areas of interest include investigations of static and
transient configurations during fuel fabrication, transport and storage.

The WPNCS Expert Group on Burn-up Credit (EGBUC) was established in 1991 to
address scientific and technical issues connected to the use of burn-up credit in nuclear fuel
cycle operations. Criticality safety methodologies that take into account a reduction in the
reactivity of irradiated fuel due to the fuel burn-up are commonly referred to as taking burn-up
credit. This reduction of reactivity with fuel burn-up is mostly due to the net reduction of
fissile nuclides and the net production of actinide nuclide and fission-product neutron
absorbers.

In the ICSBEP international database, several experiments are related to the reactivity
worths of actinide nuclides. For instance, critical solutions and fuel lattices, including isotopes
of U, Pu and sometimes Np and Am, are useful to evaluate realistic margins on the
contribution of actinide nuclides to the reactivity loss of the burned fuel. Post-irradiation
experiments are also of great interest to check how accurate calculation codes are to predict the
material balance of fuel with the burn-up. However, very few experiments exist to assess the
fission product build-up and related reactivity worths. Some experiments have been performed
in critical mock-ups like DIMPLE (UKAEA) and MINERVE (CEA), based on the
measurement of the reactivity worths of small samples containing either separated fission
products or rod cuts of irradiated fuels. The evaluation of these data is on-going for the
International Reactor Physics Benchmark Experiments database (IRPhE).

As a consequence, the Burn-up Credit Criticality Safety Benchmark Phase VIII was
proposed to study specific problems related to the analysis of small sample reactivity
experiments which imply the calculation of small reactivity, typically in the order of a few
pem to a few tens of pem (1 pem = 10 dk/k). One of the specificities of this benchmark is that
all participants have been asked to use the same input nuclear data. The idea was to evaluate
the calculation bias due to approximations in solving the Boltzmann equation, especially in the
discretisation of the phase space (energy, space, and angle). For this purpose, four sub-phases
containing single fuel cell, 2D and 3D lattice geometries have been considered. Participants
have been asked to evaluate several quantities like the effective multiplication factor (ke),
reaction rates and reactivity worths for 28 of the main nuclides contributing to the reactivity
loss with burn-up.
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Executive summary

Small-sample reactivity experiments are relevant to provide accurate information on the
integral cross-sections of materials. One of the specificities of these experiments is that the
measured reactivity worth generally ranges between 1 and 10 pcm, which complicates the use
of Monte Carlo for the analysis. As a consequence, several papers have been devoted to
deterministic calculation routes, implying spatial and/or energetic discretisation which could
involve calculation bias. Within the Expert Group on Burn-Up Credit Criticality, a benchmark
was proposed to compare different calculation codes and methods for the analysis of these
experiments. In four sub-phases with geometries ranging from a single cell to a full 3D core
model, participants were asked to evaluate the reactivity worths due to the addition of small
quantities of separated fission products and actinides into a UO, fuel. Fourteen contributions
using six different codes have participated in the benchmark.

Considering the calculation of the k-effective, flux and reaction rates, comparisons
between different codes were relevant to identify calculation biases due to the different
approximations used in the deterministic approaches. The treatment of the self-shielding effect
due to the addition of BUC nuclide in a UO, fuel has been identified as the key-point of these
comparisons. The use of more than two hundred energy groups, like in the SCALES®,
CASMOS5 and APOLLO?2 calculations, are required to evaluate the reaction rate of the BUC
nuclide within a few percents. To reach this agreement is more problematic for resonant
absorbers like **’Pu or '"’'Ru which require more energy groups or an appropriate model to
account for the flux depression inside large resonances.

For a reactivity worth of more than a few tens of pcm, the Monte-Carlo approach based on
the eigen-value difference method appears clearly as the reference method. However, in the
case of reactivity worth as low as 10 pcm, it is concluded that approaches based on exact
perturbation formalism are more accurate than standard eigen-value difference methods, as the
accuracy is not limited by a very small magnitude of the reactivity worth.

Comparisons between a full 3D core model and an infinite 7x7 lattice in 2D model were
performed. It concludes that considering ratii of reactivity worths, only small errors (typically
less than 1%) are introduced by the simplified geometry model. This is especially true for
neutron absorbers like fission products. It should not be generalised to all nuclides especially
for fissile actinides where the modification of the production rate integrated over the whole
geometry is overestimated in the reduced geometry compared to the full core geometry. One
solution should be to consider only the numerator term of the perturbation formulation to avoid
the evaluation of the denominator modifications which is generally small (less than 0.1%) for
reactivity-worth of less than 100 pcm in the full core geometry.
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1. Introduction

This report describes the results of the Burn-Up Credit Criticality Safety Benchmark Phase
VIII, conducted by the Expert Group on Burn-up Credit Criticality Safety, which is co-
ordinated by the Working Party on Nuclear Criticality Safety of the Nuclear Energy Agency
(NEA). The purpose of the Burn-Up Credit Criticality Safety Benchmark Phase VIII was to
test the ability of calculation codes to predict small reactivity effects and to share a
methodology for the analysis of small sample reactivity experiments.

Burn-up credit is a concept that considers a reduction in reactivity occurring with the fuel
burn-up due to the change in the actinide nuclide inventory due to the build-up of fission-
products. On the one side, several experiments relevant for the reactivity worths of actinide
nuclides can be found in the International Criticality Safety Benchmark Evaluation Project
(ICSBEP) experiments (for instance LCT-COMP-THERM benchmarks with MOX fuel). On
the other side, very few experiments are available on the reactivity worths of fission products.
Such experiments have been performed in the DIMPLE and MINERVE zero power reactors,
within the framework of the CERES international programme [1]. Evaluation of these
experiments is on-going for the International Reactor Physics Experiment Evaluation (IRPhE)
database. The Burn-Up Credit Criticality Safety Benchmark Phase VIII was proposed to
prepare the analysis of these experiments [2].

The benchmark is divided into four sub-phases, each of them being devoted to a specific
problem.

e Sub-phase I deals with a single PWR fuel cell geometry. Small amounts of BUC
nuclides have been added to the fuel. Twenty-five isotopes are considered, covering the
major fission products and actinide nuclides. They represent more than 90% of the
reactivity loss of a 4-cycle irradiated fuel assembly. Concentrations correspond to the
inventory of a 40 GWd/t spent fuel rod.

e Sub-phase II of the benchmark is a more complex survey with a natural UO, fuel cell of
interest surrounded by PWR fuel cells in a reduced two-dimension 7x7 lattice of the
core with reflective conditions on each boundary. This simplified model is supposed to
emphasise specific problems in the analysis of small-sample reactivity worth
measurements (Dancoff effect in space-dependent self-shielding, 2D heterogeneous
calculation). In this sub-phase, concentrations of separated BUC nuclides are derived
from mass amounts used in the CERES programme, to provide a reactivity effect of a
few pcm in the experiment.

e Sub-phase III of the benchmark is similar to sub-phase II, with the exception that the
axial dimension of the problem is treated. A finite height for the core lattice is imposed
with leakage conditions on the lower and upper planes to provide a realistic axial
distribution of the neutron flux along the height of the oscillation sample. In this way,
questions associated with leakage reactivity effects and “finite-size effect” are taken
into account. Reflective boundaries are maintained in the radial direction.
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e Sub-phase IV of the benchmark is similar to sub-phase III, with the exception that the
radial dimension of the problem is treated. A simplified model of the whole core of the
reactor is defined as a 49x49 lattice of PWR fuel cells with finite axial dimensions and
leakage conditions on axial and radial boundaries. In this way, the real problem can be
treated so as to provide a k. close to unity. It is worth noting that as the main objective
of this benchmark was to compare numerical methods and models from different codes
to emphasise specific problems associated with the analysis of small reactivity effects,
calculations have been required to be performed with the same nuclear data library.

Organisations participating in the benchmark, computer codes and key parameters are
presented in Chapter 2. Calculations are compared between all the participants in Chapter 3.
Concluding remarks on the four sub-phases of the benchmark are summarised in Chapter 4.
Recommendation for a calculation model is proposed in Chapter 5. Appendix A contains the
specifications of the Phase VIII benchmark. The summary information provided by the
participants about the computational method is presented in Appendix B.
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2. Computer codes and nuclear data

Fourteen contributions from seven organisations in seven countries were submitted for the
Phase VIII benchmark. A wide variety of codes was used, including SCALE6 [3],
DORTOREST [4], APOLLO-2.8 [5], CASMO-5M [6], DRAGON-305F [7], GMVP-II [8],
MCNPS5 [9] and TRIPOLI4 [10]. The source of the nuclear data was asked to be the United
States Evaluated Nuclear Data File ENDF/B-VILO [11] for all the participants, as it is the
standard library in the SCALE6 and CASMOS code packages. Calculations were performed
with either continuous energy or multi-group cross-section data.

The participants of benchmark Phase VIII and the calculation codes are listed in Table 1.

A more detailed description of the methods, data and assumptions are included in
Appendix B.

Contributors were asked to submit data even if they did not complete all the calculations.
Table 2 summarises which of the parameters have been calculated, partially or fully.

In the list, the calculations with GMVP-II and DRAGON-305F are complementary.
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Table 1. Participating organisations and calculation methods

Trnava Inc. (VUJE)

ijx)ﬁéfn Institute Country Code Nuclear data Method of resolution | Anisotropy
ENDF/B-VII.0 Method of 4
f Commissariat 3 APOLLO2.8-3 281 energy groups | characteristics (MOC) P0c
2 'Energie etaux | g0 TRIPOLI4.8 ENDF/B-VIL.0 Monte Carlo Bxact
Energies Alternatives continuous energy Treatment
(CEA) .
3 MCNP5 ENDF/B-VIL.0 Monte Carlo Bxact
continuous energy Treatment
ENDF/B-VII.0 Discrete ordinate
4 SCALEG.1/XSDRN 238 energy groups method (Sn) PS
E Mennerdahl ENDF/B-VII.0 Discrete ordinate
5 Systems (EMS) Sweden SCALEG.1NEWT 238 energy groups method (Sn) P5
6 SCALEG.1/KENO-Va ENDF/B-VIL.0 Monte Carlo P5
238 energy groups
Anlagen- und German 238 energy groups method (Sn)
Reaktorsicherheit y ENDF/B-VII.0 Exact
8 mbH (GRS) MCNPS continuous energy Monte Carlo Treatment
ENDF/B-VIIL.O Collision Probability
° J;f;gy"‘g;gf; Japan DRAGON-305F 69 energy groups method (Pij) PO
19 |Organisation (JNES) GMVPI ENDF/B-VILO Monte Carlo PO
69 energy groups
11 ) ) SCALEG.1/KENO-Va ENDF/B-VIL.0 Monte Carlo P5
Oak Ridge National US 238 energy groups
Laboratory (ORNL) ENDF/B-VII.0, 238
12 SCALE6.1/KENO-VI . Monte Carlo P5
energy groups
, ENDF/B-VII.O +
Paul Scherrer . CASMO-5M Version . : Method of
13 Institute (PSI) Switzerland 1.07.01 Studsvik modf. 586 characteristics (MOC) PO
energy groups
Nuclear Power Plant
14 Research Institute | Slovakia SCALE6.1.1/KENO-VI ENDF/B-VIL.0 Monte Carlo P5
238 energy groups

! POc means corrected PO.

17




NEA/NSC/R(2016)2

seIpn}s aAljeledwoo 1o} suonoes-ssolo dnoib 69 Yim suolenojes Aleipisqngs

ejep ajaidwon

ejep aja|dwoouy]

uojoeas
/uuom
fingoeay

(1) tom | (A3) yuom |~ seley
fynpoesy | Anpoesy | uogoesy

x4

4oy

uogoeas
/qpom
Aungoeay

(1) yuom | (A3) yuom | saiey
fingoeay | Angoeay | vopoesy

x4

uopoeas
/oM
fnnoeay

(Ld) yom | (A3) uom |~ sajey
Aungoeay | Amgoeay | uogoesy

4o

ejep Buissiy

uopoeas
/Hom
fingoeay

(Ld) yuom | (A3) yuom | saley

hingoesy | Anoeay | vopoeay | X9 R

(o8€2)
9ON3N/}'1'93T¥OS

arna

(961/98S)
OOIW/SONSYO

ISd

(o8€2)
9ONIN/}'93 VIS

(08€2)
BSONIH/L'93TVOS

INYO

(969) 450eNOOVHA

(969) I-dAWD

SANr«

(9N "LNOD) dNOW

(o8€2)
NYASX/LSTHOLHOA

S¥O

(08€2)
BSONIH/L'93T¥OS

(08€2)
LM3N/L'93TVOS

(08€2)
dNYASX/L'93T¥OS

SW3

(9¥N "LNOD) GdNOW

(9uN
"INOD) ¥110dIdL

(0182)
DOW/E'8'20T10dY

v3ao

wa)sAs apo)

uonesiuebio

¥ ASVHd ans

€ 3SVHd 8ns

23SVHd ans

1 3SVHd 8ns

$)[NSax papIA0ad Jo MIAAIIAQ T dqeL

18



NEA/NSC/R(2016)2

3. Calculation results and their analysis

This section presents the results of the benchmark calculations for each of the four sub-phases.
All the calculations have been compared to what we can consider as the most “reference”
calculations. It was chosen to be the calculations based on TRIPOLI4.8 calculation code.
“Reference” means that the calculations have few approximations in order to stay as close as
possible to real physical laws, using for instance the Monte Carlo solver which allows any kind
of geometry modelling, continuous-energy cross-sections which prevents from any bias due to
self-shielding and exact treatment of scattering law as described in the nuclear data file.
Results are presented as relative difference compared with the reference code package.
Differences are given in tables and illustrated in bar graphs. Results are presented either in the
form of absolute differences, like for instance on the k. which is defined (kegrc - Kerrer) X 10°,
or in the form of relative differences, like for instance on the one-group neutron flux which is

defined as (¢c - dre)/Pres.

Uncertainties are presented with a confidence level of 68% (k=1). The notation f.ffff(uu)
means that the central value is f.ffff while the value in the brackets is the standard deviation.
The uu refers to the last 2 digits of f.ffff. For instance, 1.328301(25) is equivalent to 1.328301
+ 0.000025 (or +£2.5 pcm). It should be noted that the common unit “pem” will be used to
describe variation of the order of 10 on the k.

For each sub-phase, 28 cases were considered:
e one reference case without BUC nuclide;

e twenty-five cases with the addition of separated BUC nuclides consisting of 15 fission
products and 10 actinides;

e one case with the addition of the sum of the 25 BUC nuclides;

e one case with the addition of a calibration nuclide ('°B).

For sub-phases 2, 3 and 4, two additional cases were added with the substitution of the
central fuel cell by the same volume filled with air and light water.

3.1 Sub-phase 1 results

The calculation results for sub-phases 1 and their analysis are presented in Sections 3.1.1 to
3.14

3.1.1 Effective multiplication factor
Calculations of the k. are presented in Figures 1 and 2. Calculated values are given in Table 3.

Differences are between -1300 pcm and +100 pcm compared with TRIPOLI4 calculations.
Trends are almost the same for cases 0 to 27, which means that the k. calculations do not
depend on the kind BUC nuclide added to the fuel. The closest agreement with the reference
calculation is obtained by Monte Carlo codes using continuous-energy cross-sections, i.e.
MCNPS5 calculations from CEA and GRS with differences lower than 100 pcm. The same
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accuracy is obtained by the deterministic codes APOLLO2 and CASMOS for the prediction of
the k.s. SCALEG6 calculations by EMS, VUJE and ORNL underestimate the k. by 600 to
800 pcm. The same underestimation is observed for DORTOREST calculations by GRS, using
the 238 energy group library. Since S, and Monte Carlo methods using the same multi-group
libraries yield similar results, some of the differences appear to be related primarily to the
nuclear data library used and especially to the way the self-shielding is accounted for, and not
on the neutron transport method. Larger differences are obtained by calculations based on
GMVP-II and DRAGON3 simulations. The low number of energy groups for the input cross-
sections may be responsible for this as the two codes use the same energy mesh for the
calculations. Here again, the impact of using either MOC or Monte Carlo is less than 100 pcm.

For case 28, which corresponds to the addition of all BUC nuclide in the fuel, differences
with TRIPOLI4 are reduced by 500 pcm using DRAGON3 and GMVP-II and are also slightly
improved for SCALEG6 calculations by ORNL and VUJE. Due to a misunderstanding, there
was no EMS contribution for case 27. Some early estimated results to account for this were not
based on full and reliable calculations and should not be considered (to be deleted).

Figure 1. Absolute difference in the effective multiplication factor k. for cases 0 to 13 of sub-phase 1

Multiplicative Factor keff
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Figure 2. Absolute difference in the effective multiplication factor k.« for cases 14 to 27 of sub-phase 1
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Table 3. k. calculations (sub-phase 1)

cose | Ao | TREoLA e sciwgeﬁ sciwgeﬁ scihfgeﬁ D(G)E$O o PRGN | Guve-i sgATIEIé.1 A0S SC\Q\ULJEEGA
281G Cont. Energy | Cont. Energy XS?%'\(I;PM '\gg\g KEZI\;géVa E?EBSGT Cont. Energy 69G 69G KI;I;I;)(;VI 586/19G KI;I;I;)G-VI

0 | 139087 | 139150 139236 1383726 | 1384984 | 1385270(60) | 138429 | 1391990(100) | 137937 | 1378200(18) | 1.385256(99) | 139105 | 1.385510(300)
Mo | 1386709 | 1387285(33) | 1388190(10) | 1379569 | 1380834 | 1381140(60) | 138015 | 1387790(100) | 137537 | 1374250(19) | 1.380979(%9) | 138728 | 1.381180(290)
WTc | 1380951 | 1381519(33) | 1382330(10) | 1373766 | 1375085 | 1375320(60) | 137441 | 1381920(100) | 136962 | 1368530(19) | 1375322(99) | 138194 | 1.375850(290)
WRu | 1367431 | 1368123(33) | 1389020(10) | 1380404 | 1361669 | 1.362040(60) | 138098 | 1.388500(100) | 137601 | 1374890(18) | 138204399) | 138766 | 1.382010(280)
WRh | 1365419 | 1365096(33) | 1366790(10) | 1356411 | 135967 | 1.360080(60) | 1359 | 1.366090(100) | 135403 | 1.352930(19) | 1359891(100) | 136658 | 1.359990(290)
Ag | 1387585 | 1.388134(33) | 1389020(10) | 1.380418 | 1381685 | 1381960(60) | 138101 | 1388700(100) | 137625 | 1375140(19) | 1381962(99) | 138774 | 1.382140(320)
WCs | 1378585 | 1379127(33) | 1379970(10) | 1371345 | 137266 | 1372950(60) | 1372 | 1379590(100) | 136721 | 1366140(19) | 1373065(Q9) | 137875 | 1372750(290)
NG | 1363609 | 1364176(33) | 1365000(10) | 1356650 | 1357894 | 1.358160(60) | 135718 | 1.364560(100) | 135233 | 1351180(19) | 1358316(99) | 136382 | 1.358270(340)
NG | 1363984 | 1364678(33) | 1385550(10) | 1376993 | 1378252 | 1.378650(60) | 137757 | 1385040(100) | 137281 | 1371730(18) | 137848099) | 138423 | 1.378650(280)
wiSm | 138845 | 1388972(33) | 1389900(10) | 1381305 | 1382565 | 1382780(60) | 138188 | 1389400(100) | 137698 | 1375840(19) | 1382829(99) | 138868 | 1.382700(370)
usSm | 1361497 | 1362162(33) | 1363010(10) | 1354517 | 1355699 | 1356000(60) | 135506 | 1362310(100) | 1.35003 | 1348850(18) | 1355887(99) | 13616 | 1.356210(300)
wSm | 1387218 | 1387791(33) | 1388700(10) | 1380056 | 1381321 | 1381620(60) | 138063 | 138190(100) | 137446 | 1373320(18) | 1381562(99) | 138702 | 1.381540(300)
wSm | 137343 | 1373961(33) | 1374810(10) | 1366324 | 1367572 | 1367840(60) | 136667 | 1374650(100) | 13621 | 1360960(18) | 1367886(99) | 137356 | 1367730(310)
2Sm | 1382211 | 1382770(33) | 1383630(10) | 1374978 | 137628 | 1376600(60) | 13756 | 1383170(100) | 137025 | 1369230(19) | 1376629(100) | 138233 | 1376310(320)
WEu | 1384513 | 1385123(33) | 1385990(10) | 1377399 | 1378658 | 1378960(60) | 137797 | 1385520(100) | 1.37304 | 1371890(18) | 1379151(99) | 138464 | 1.378590(280)
Gd | 1381812 | 1382345(33) | 1383230(10) | 1374687 | 1375036 | 1376250(60) | 137524 | 1.362840(100) | 137041 | 1.369250(18) | 1376295(100) | 138195 | 1.376050(310)
20 | 095555 | 0955581(33) | 0957081(10) | 0950981 | 0951727 | 0952000(60) | 095075 | 0.956890(80) | O0.94874 | 0947640(20) | 095200899 | 095499 | 0952130(210)
20 | 1379284 | 1379766(33) | 1380580(10) | 1371893 | 1373212 | 1373530(60) | 137254 | 1380100(100) | 136874 | 1367680(19) | 1373706(99) | 137937 | 1373350(290)
ZiNp | 1379344 | 1379679(33) | 1380780(10) | 1372273 | 1373532 | 137392060) | 137284 | 1380380(100) | 136801 | 1.366890(19) | 137383899) | 13795 | 1373610(310)
Zpy | 1384988 | 1.385544(33) | 1386430(10) | 1377856 | 1379108 | 1.37941060) | 137842 | 1.386020(100) | 137355 | 1.372390(18) | 137938599) | 138515 | 1.379250(310)
Py | 1442046 | 1443729(33) | 1444360(10) | 1435251 | 1436845 | 1437130(60) | 143545 | 1444040(100) | 143018 | 1429390(18) | 1437299(99) | 144391 | 1436700(290)
20py | 1273112 | 1273606(33) | 1274070(10) | 126524 | 1268155 | 126821060) | 12671 | 1272600(110) | 126157 | 1261880(29) | 1268127(100) | 127019 | 1.268130(330)
Py | 1428605 | 1420065(33) | 1429960(10) | 1421114 | 142046 | 142272060) | 142172 | 1429410(100) | 141705 | 1415970(18) | 1422844(99) | 142884 | 1422600(290)
2py | 1362837 | 1363405(33) | 1384270(10) | 1375657 | 1376927 | 1377170060) | 137626 | 1.383780(100) | 137153 | 1370380(18) | 137734099) | 13829 | 1377170(290)
%Am | 1383578 | 1384157(33) | 1385030(10) | 1.376456 | 137715 | 1378020(60) | 137703 | 1384580(100) | 137216 | 1370990(18) | 137786399 | 138373 | 1.378440(310)
%Am | 1387249 | 1387789(33) | 1388700(10) | 1380114 | 1381371 | 1381630(60) | 138068 | 1388210(100) | 137573 | 1374610(19) | 1381567(100) | 13874 | 1.382250(290)
B | 1366869 | 1367445(33) | 1368300(10) | 1359819 | 1361053 | 1361430(60) | 136036 | 1367840(100) | 135555 | 1354450(18) | 1.361314(99) | 136701 | 1.361390(290)
ALL | 1037545 | 1.087720(33) | 1.087840(10) NR. NR. NR. 103064 | 1037060(110) | 103103 | 1031500(31) | 1033478(96) | 103699 | 1.033440(280)

29100 W/OSN/VAN



NEA/NSC/R(2016)2

3.1.2 Neutron flux

As a first step to reaction rate calculations, participants were asked to evaluate the neutron flux,
integrated over the phase space (energy, space, angle), after a normalisation to one source
neutron.

Comparisons are illustrated in Figures 3 and 4, and calculation results are reported in
Table 4.

All of them succeed in the calculation of this parameter within less than 1%, which is
acceptable, whatever BUC nuclide is added to the fuel.

Figure 3. Relative difference in the integrated neutron flux for cases 0 to 13 of sub-phase 1
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Figure 4. Relative difference in the integrated neutron flux for cases 14 to 27 of sub-phase 1
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Table 4. Neutron flux in cm™.s” (sub-phase 1)

EMS EMS EMS ORNL VUJE
Case | APOLLOR | TRPOL4 | nowps | SCALEB | SCALESH | SCALES! | pogrigecr | wones | ager | CMVP | SCALEST | gqos | SCALESLS
281G Cont. Energy |Cont. Energy 238G 238G 238G 238G Cont. Energy 69G 238G 586/19G 238G

0 1.209E+01 1.209E+01 1.210E+01 1.205E+01 1.203E+01 | 1.208E+01 1.200E+01 1.212E+01 | 1.208E+01 1.209E+01 1.208E+01 1.211E+01 1.222E+01
%Mo | 1.208E+01 1.208E+01 1.209E+01 1.204E+01 1.202E+01 | 1.207E+01 1.199E+01 1.211E+01 | 1.207E+01 1.208E+01 1.207E+01 1.210E+01 1.220E+01
%Tc | 1.207E+01 1.207E+01 1.207E+01 1.203E+01 1.200E+01 | 1.205E+01 1.198E+01 1.210E+01 | 1.205E+01 1.207E+01 1.205E+01 1.209E+01 1.219E+01
1Ru | 1.208E+01 1.208E+01 1.209E+01 1.204E+01 1.202E+01 | 1.207E+01 1.199E+01 1.211E+01 | 1.207E+01 1.209E+01 1.207E+01 1.210E+01 1.221E+01
13Rh | 1.204E+01 1.204E+01 1.205E+01 1.200E+01 1.198E+01 | 1.203E+01 1.195E+01 1.207E+01 | 1.203E+01 1.204E+01 1.203E+01 1.206E+01 1.216E+01
19Ag | 1.208E+01 1.208E+01 1.209E+01 1.204E+01 1.202E+01 | 1.207E+01 1.200E+01 1.211E+01 | 1.207E+01 1.209E+01 1.207E+01 1.211E+01 1.221E+01
133Cs | 1.206E+01 1.206E+01 1.207E+01 1.202E+01 1.200E+01 | 1.205E+01 1.197E+01 1.209E+01 | 1.205E+01 1.206E+01 1.205E+01 1.208E+01 1.218E+01
3Nd | 1.205E+01 1.205E+01 1.206E+01 1.202E+01 1.199E+01 | 1.204E+01 1.196E+01 1.208E+01 | 1.204E+01 1.205E+01 1.204E+01 1.207E+01 1.217E+01
15Nd | 1.208E+01 1.208E+01 1.208E+01 1.201E+01 1.201E+01 | 1.206E+01 1.199E+01 1.211E+01 | 1.206E+01 1.208E+01 1.206E+01 1.210E+01 1.219E+01
47Sm | 1.208E+01 1.209E+01 1.209E+01 1.204E+01 1.202E+01 | 1.207E+01 1.200E+01 1.211E+01 | 1.207E+01 1.209E+01 1.207E+01 1.211E+01 1.221E+01
149Sm | 1.205E+01 1.205E+01 1.206E+01 1.201E+01 1.199E+01 | 1.203E+01 1.196E+01 1.208E+01 | 1.204E+01 1.205E+01 1.204E+01 1.207E+01 1.217E+01
150Sm | 1.208E+01 1.209E+01 1.209E+01 1.204E+01 1.202E+01 | 1.207E+01 1.200E+01 1.212E+01 | 1.207E+01 1.208E+01 1.207E+01 1.211E+01 1.221E+01
151Sm | 1.207E+01 1.207E+01 1.208E+01 1.203E+01 1.201E+01 | 1.205E+01 1.198E+01 1.210E+01 | 1.205E+01 1.207E+01 1.205E+01 1.209E+01 1.218E+01
1528m | 1.207E+01 1.207E+01 1.208E+01 1.203E+01 1.201E+01 | 1.206E+01 1.198E+01 1.210E+01 | 1.205E+01 1.207E+01 1.206E+01 1.209E+01 1.220E+01
183Eu | 1.208E+01 1.208E+01 1.209E+01 1.204E+01 1.202E+01 | 1.207E+01 1.199E+01 1.211E+01 | 1.206E+01 1.208E+01 1.207E+01 1.210E+01 1.220E+01
155Gd | 1.208E+01 1.208E+01 1.209E+01 1.204E+01 1.202E+01 | 1.207E+01 1.199E+01 1.211E+01 | 1.206E+01 1.208E+01 1.207E+01 1.210E+01 1.220E+01
25U | 1.488E+01 1.485E+01 1.486E+01 1.480E+01 1.479E+01 | 1.483E+01 1.477E+01 1.487E+01 | 1.486E+01 1.488E+01 1.484E+01 1.489E+01 1.499E+01
26 1.205E+01 1.205E+01 1.206E+01 1.199E+01 1.199E+01 | 1.204E+01 1.197E+01 1.208E+01 | 1.204E+01 1.206E+01 1.204E+01 1.207E+01 1.217E+01
ZINp | 1.207E+01 1.207E+01 1.208E+01 1.203E+01 1.200E+01 | 1.205E+01 1.198E+01 1.210E+01 | 1.205E+01 1.207E+01 1.206E+01 1.209E+01 1.219E+01
%8Py | 1.208E+01 1.208E+01 1.209E+01 1.204E+01 1.202E+01 | 1.207E+01 1.199E+01 1.211E+01 | 1.207E+01 1.208E+01 1.207E+01 1.210E+01 1.221E+01
29y | 1.148E+01 1.149E+01 1.149E+01 1.145E+01 1.142E+01 | 1.148E+01 1.137E+01 1.151E+01 | 1.145E+01 1.146E+01 1.147E+01 1.149E+01 1.160E+01
0Py | 1.185E+01 1.185E+01 1.186E+01 1.181E+01 1.179E+01 | 1.184E+01 1.176E+01 1.188E+01 | 1.184E+01 1.185E+01 1.184E+01 1.187E+01 1.196E+01
2Py | 1.189E+01 1.189E+01 1.190E+01 1.185E+01 1.183E+01 | 1.187E+01 1.180E+01 1.192E+01 | 1.188E+01 1.189E+01 1.187E+01 1.191E+01 1.201E+01
2Py | 1.207E+01 1.207E+01 1.208E+01 1.203E+01 1.201E+01 | 1.205E+01 1.198E+01 1.210E+01 | 1.206E+01 1.207E+01 1.206E+01 1.209E+01 1.219E+01
21Am | 1.208E+01 1.208E+01 1.209E+01 1.204E+01 1.202E+01 | 1.207E+01 1.199E+01 1.211E+01 | 1.206E+01 1.208E+01 1.207E+01 1.210E+01 1.220E+01
23Am | 1.208E+01 1.208E+01 1.209E+01 1.204E+01 1.202E+01 | 1.207E+01 1.199E+01 1.211E+01 | 1.207E+01 1.209E+01 1.207E+01 1.210E+01 1.220E+01
18 1.206E+01 1.206E+01 1.207E+01 1.202E+01 1.199E+01 | 1.204E+01 1.197E+01 1.209E+01 | 1.204E+01 1.206E+01 1.204E+01 1.208E+01 1.219E+01
ALL | 1.172E+01 1.173E+01 1.174E+01 N.R. N.R. N.R. 1.161E+01 1.175E+01 | 1.169E+01 1.171E+01 1.172E+01 1.174E+01 1.184E+01
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3.1.3 Reaction rates

Absorption, production and total scattering rates were requested for 2°U, ***U and '°O of the
fuel, just like on for the BUC nuclides added to the central fuel.

Comparisons are illustrated in Figure 5 for **°U, ***U and '°0, for only the first case (case
0 without BUC nuclide) as the same conclusions can be observed for cases 1 to 27. The full
content of calculation results are reported in Table 6 to Table 13.

Absorption and production rates on *°U are predicted within less than 1% compared with
TRIPOLI4 calculations, for all the participants.

Scattering rates are much more discrepant with an underestimation of 5 to 11% of the
calculations using DRAGON3, GMVP-II and CASMOS. This difference was investigated to
be a consequence of the lack of anisotropy data in the input cross-sections, all these
calculations being based on PO scattering law. VUJE, EMS and ORNL calculations use a P5
law to describe the scattering, which lead to a good agreement with the exact treatment
provided by TRIPOLI4 and MCNPS5. It seems also that a P3 description of the anisotropy is
enough to accurately evaluate the total scattering rate, as the DORTOREST calculations are in
as good agreement with TRIPOLI4 as SCALEG6 calculations using PS5 cross-sections. It should
be noted that the CEA calculations based on APOLLO2 are in agreement within less than
0.5% with TRIPOLI4, using a “POc” law (corrected P0O) which includes a transport correction
for the anisotropy.

Absorption rates on ***U are more discrepant than on **U. Due to the large number of
neutron resonances, calculations using too few energy groups involve significant errors on the
calculation of the absorption rate. As a consequence, GMVP-II and DRAGON3 calculations
based on 69-energy group cross-sections overestimate the absorption rate by more than 2%.
APOLLO2 and CASMOS calculations both have a good agreement with TRIPOLI4 and
MCNPS5 calculations based on continuous-energy cross-sections, which demonstrate the
accuracy of self-shielding calculations. Moreover, it should be noted that the 586 energy
groups provided by the CASMOS calculation code does not improve the calculation accuracy
of the >*®U absorption rate compared with 281 energy groups in APOLLO?2, as the latter was
optimised to treat the main resonances of heavy nuclides and fission products below 22 eV.
Moreover, a collapsing from 586 groups to 19 energy groups is performed in CASMOS, before
using the MOC solver, a step which is not performed in APOLLO2 where the flux is solved on
the same energy mesh as for cross-section self-shielding calculations.

Production rates on **U are in the same agreement with TRIPOLI4 than in the case of *°U.
It should be noted that there is a slight underestimation by 3% with DORTOREST by GRS. To
understand this difference, it should be mentioned that the fission of *°U is mostly thermal
while the fission of **U only occurs above 1 MeV. It is likely that the Sn method which was
used to solve the Boltzmann equation has introduced some bias compared with Monte Carlo
methods used in SCALE6/KENO-VI, as the input library is the same between the two kinds of
calculations.

Scattering rates on ‘U show similar trends as for **U. DRAGON3, GMVP-II and
CASMOS calculations underestimate the scattering rate due to the lack of anisotropy data.
Other results are in good agreement with TRIPOLIA4.

Absorption rates on '°O show good agreement for all the participants except for
DORTOREST calculations by GRS, which underestimate this reaction by around 3%. One
should remark that this trend is similar to the one of the production rate on **U. As the
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absorption on '°0 mainly occurs in the MeV region, it is clear that this underprediction is due
to a calculation bias on the level of fast neutrons, using DORTOREST.

Scattering rates on '°O are correctly predicted by all participants within 2%, except for PSI
calculations due to the missing of anisotropy data. Surprisingly, DRAGON3 and GMVP-II
calculations which use also PO scattering cross-sections are much more in agreement with
TRIPOLI4. This could result from compensation of errors.

Comparisons of absorption, production and scattering rates on BUC nuclides are
illustrated in Figure 6 to Figure 10. The full content of calculation results are reported in Table
14 to Table 16.

Absorption rate calculations show a reasonably good agreement between all participants,
most of them within a few percents. All the MCNP5 calculations, by CEA and GRS, are in
good agreement with TRIPOLI4, with the exception of **’Pu and ***Pu where the difference is
a bit higher (> 1%), possibly due to a higher statistical uncertainty as these isotopes are purely
resonant neutron absorbers. Good results are also obtained by ORNL and EMS using SCALE6:
differences compared with TRIPOLI4 are lower than 1% for all nuclides, apart from ***Am.
Small differences are observed between the 1D Sn used in XSDRNMP and the KENO-VI 3D
Monte Carlo solution, which means that most of the differences are linked to the input cross-
sections and especially to the way the self-shielding is taken into account. APOLLO2
calculations show also a good agreement with TRIPOLI4 for most of the cases with
differences lower than 1%. Higher values, between 3 and 4%, are observed for resonant
absorbers like Mo, '”'Ru and '**Nd, due to the lack of resonance self-shielding below 22 eV.
The 281-group SHEM energy mesh used by APOLLO2 was optimised to avoid self-shielding
for the main actinides and fission products, improving significantly the calculation time. The
errors observed for these isotopes are considered acceptable as >Mo, '“'Ru and '**Nd have a
relatively small contribution in the total reactivity loss of a burned fuel. PSI calculations based
on CASMOS5 show better results compared with APOLLO2 for '*'Ru and '“*Nd. Nevertheless,
a 2% overprediction of the **°Pu absorption rate was observed. Additional calculations
performed by PSI have shown that the error was coming from the cross-section collapsing
from 586 to 19 groups (standard recommendation for UOx assemblies). Another possibility in
CASMOS is to use a 35 group energy mesh for the flux calculation (standard recommendation
for MOx assemblies). The calculation using 35 groups has shown a great improvement on
Py with a reduction of 2% of the absorption rate, fitting perfectly the TRIPOLI4 value. It
should be noted that the underprediction of **Tc and 'Rh absorption rates by CASMOS5 is due
to the use of different nuclear data. In the standard cross-section library provided in the
CASMOS5 code package, Tc and '“Rh evaluations are taken from JEFF-3.1.1 [12]. In this
library, these two nuclides have lower thermal values and resonance integrals than in ENDF/B-
VILO, as shown in Table 5. The 8% underprediction of the Mo absorption rate, however,
cannot be explained by a difference in the input nuclear data library. Concerning the large
overprediction of ’Sm in calculations based on 69 energy groups, it may be due to the
overlapping of 2*U and *°Sm resonances at 21 eV which requires an accurate calculation of
the mutual shielding effect between the two isotopes.
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Table 5. Comparison of ENDF/B-VII and JEFF-3.1.1 evaluations
of **Tc and "“Rh capture cross-sections

JEFF-3.1.1 ENDF/B-VII.O
Isotope Thermal value Resonance integral Thermal value |Resonance integral
(barn) (barn) (barn) (barn)
%Tc 21.004 3125 22.81 361.9
103Rh 146.6 1053 149.4 1124

For production rates on the BUC nuclides, most of the calculations agree within 2% with
TRIPOLI4. SCALES® calculations using 238 energy groups, just like CASMOS5 and APOLLO2
have the best results with differences lower than 1%. MCNP5 calculations by CEA and GRS
are also fully consistent with TRIPOLI4. GRS calculations using DORTOREST disagree for
fertile nuclides with fission occurring in the fast energy range, i.e. 2°U, *'Np, **°Pu, ***Pu,
*' Am and **Am, are underestimated by 1 to 2%, as it was observed for the fission of ***U and
absorption of '°0, due to an underprediction of the fast neutron flux. The same trend on fertile
nuclides is observed for APOLLO2 calculations, but with much lower value, ranging from
0.6% to 0.8%.

Scattering rates on the BUC nuclides show the same trends that for 23y, #*U and 'O,
with an agreement within 1%, compared with TRIPOLI4 for SCALE6, APOLLO?2,
DORTOREST and MCNPS5 calculations. CASMOS5, DRAGON3 and GMVP-II are
underestimated by 5 to 25%, due to PO scattering cross-sections.

Figure 5. Relative difference in the reaction rates of 35y, 280 and "°O of sub-phase 1 (case 0)

25, 238 and "°0 Reaction Rate
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Table 6. Absorption rate (s") on **U in s™ (sub-phase 1)

CEA CEA CEA EMS EMS EMS GRS GRS ORNL PSI VUJE
Case | APOLLO2 TRIPOLI4 MCNP5 SCALES6.1 SCALE6.1 | SCALES.1 DORTOREST MCNP5 DRAGON305F | GMVP-II SCALES6.1 CASMO5 SCALES.1
2816 Cont. Cont. XSDRNPM NEWT KENO-Va 238G Cont. 69G 69G KENO-VI 586/19G KENOB-VI

Energy Energy 238G 238G 238G Energy 238G 238G
0 6.516E-01 | 6.515E-01 | 6.518E-01 6.480E-01 6.486E-01 | 6.483E-01 6.490E-01 6.518E-01 6.461E-01 6.453E-01 6.486E-01 6.517E-01 6.488E-01
%Mo | 6.495E-01 | 6.494E-01 | 6.500E-01 6.460E-01 6.466E-01 | 6.466E-01 6.470E-01 6.499E-01 6.442E-01 6.434E-01 6.465E-01 6.498E-01 6.465E-01
®Tc | 6.468E-01 | 6.466E-01 | 6.471E-01 6.435E-01 6.438E-01 | 6.436E-01 6.443E-01 6.469E-01 6.414E-01 6.406E-01 6.438E-01 6.472E-01 6.442E-01
0Ru | 6.499E-01 | 6.498E-01 | 6.503E-01 6.464E-01 6.469E-01 | 6.470E-01 6.474E-01 6.500E-01 6.445E-01 6.437E-01 6.470E-01 6.500E-01 6.469E-01
103Rh | 6.393E-01 | 6.392E-01 | 6.396E-01 6.358E-01 6.364E-01 | 6.359E-01 6.368E-01 6.392E-01 6.339E-01 6.331E-01 6.363E-01 6.399E-01 6.359E-01
19Ag | 6.500E-01 | 6.498E-01 | 6.503E-01 6.463E-01 6.470E-01 | 6.469E-01 6.474E-01 6.501E-01 6.446E-01 6.438E-01 6.470E-01 6.501E-01 6.471E-01
13Cs | 6.456E-01 | 6.455E-01 | 6.459E-01 6.420E-01 6.426E-01 | 6.427E-01 6.431E-01 6.458E-01 6.402E-01 6.394E-01 6.427E-01 6.457E-01 6.423E-01
“Nd | 6.384E-01 | 6.384E-01 | 6.388E-01 6.355E-01 6.355E-01 | 6.357E-01 6.360E-01 6.386E-01 6.331E-01 6.323E-01 6.356E-01 6.386E-01 6.353E-01
1“5Nd | 6.482E-01 | 6.482E-01 | 6.486E-01 6.434E-01 6.453E-01 | 6.455E-01 6.458E-01 6.483E-01 6.429E-01 6.422E-01 6.453E-01 6.484E-01 6.456E-01
“Sm | 6.504E-01 | 6.502E-01 | 6.507E-01 6.466E-01 6.474E-01 | 6.471E-01 6.479E-01 6.505E-01 6.450E-01 6.442E-01 6.474E-01 6.505E-01 6.472E-01
1“9Sm | 6.375E-01 | 6.374E-01 | 6.378E-01 6.341E-01 6.345E-01 | 6.346E-01 6.350E-01 6.374E-01 6.321E-01 6.312E-01 6.345E-01 6.375E-01 6.346E-01
50Sm | 6.498E-01 | 6.497E-01 | 6.501E-01 6.460E-01 6.468E-01 | 6.470E-01 6.473E-01 6.499E-01 6.437E-01 6.430E-01 6.468E-01 6.497E-01 6.467E-01
51Sm | 6.432E-01 | 6.430E-01 | 6.434E-01 6.398E-01 6.402E-01 | 6.402E-01 6.407E-01 6.435E-01 6.378E-01 6.370E-01 6.402E-01 6.432E-01 6.404E-01
1528m | 6.473E-01 | 6.473E-01 | 6.478E-01 6.438E-01 6.443E-01 | 6.445E-01 6.448E-01 6.476E-01 6.417E-01 6.409E-01 6.444E-01 6.474E-01 6.441E-01
153Ey | 6.485E-01 | 6.484E-01 | 6.489E-01 6.451E-01 6.455E-01 | 6.454E-01 6.460E-01 6.487E-01 6.431E-01 6.423E-01 6.456E-01 6.485E-01 6.451E-01
155Gd | 6.472E-01 | 6.471E-01 | 6.476E-01 6.437E-01 6.442E-01 | 6.442E-01 6.447E-01 6.472E-01 6.418E-01 6.410E-01 6.443E-01 6.473E-01 6.441E-01
5y | 4.292E-01 | 4.289E-01 | 4.296E-01 4.268E-01 4.272E-01 | 4.271E-01 4.275E-01 4.281E-01 4.255E-01 4.248E-01 4.272E-01 4.289E-01 4.27T4E-01
26 | 6.455E-01 | 6.453E-01 | 6.457E-01 6.407E-01 6.424E-01 | 6.424E-01 6.429E-01 6.456E-01 6.405E-01 6.398E-01 6.425E-01 6.456E-01 6.422E-01
ZNp | 6.459E-01 | 6.457E-01 | 6.462E-01 6.426E-01 6.429E-01 | 6.426E-01 6.434E-01 6.460E-01 6.405E-01 6.397E-01 6.429E-01 6.459E-01 6.425E-01
8Py | 6.484E-01 | 6.483E-01 | 6.488E-01 6.449E-01 6.454E-01 | 6.454E-01 6.459E-01 6.486E-01 6.430E-01 6.423E-01 6.455E-01 6.485E-01 6.455E-01
9Py | 4.663E-01 | 4.669E-01 | 4.671E-01 4.640E-01 4.648E-01 | 4.650E-01 4.653E-01 4.660E-01 4.630E-01 4.630E-01 4.648E-01 4.663E-01 4.645E-01
0Py | 5.943E-01 | 5.942E-01 | 5.945E-01 5.904E-01 5.918E-01 | 5.916E-01 5.921E-01 5.938E-01 5.889E-01 5.888E-01 5.916E-01 5.929E-01 5.917E-01
2Py | 5.897E-01 | 5.898E-01 | 5.901E-01 5.867E-01 5.871E-01 | 5.870E-01 5.875E-01 5.896E-01 5.847E-01 5.840E-01 5.872E-01 5.898E-01 5.872E-01
2Py | 6.476E-01 | 6.475E-01 | 6.480E-01 6.441E-01 6.446E-01 | 6.441E-01 6.451E-01 6.477E-01 6.422E-01 6.415E-01 6.447E-01 6.476E-01 6.446E-01
21Am | 6.480E-01 | 6.479E-01 | 6.483E-01 6.446E-01 6.450E-01 | 6.450E-01 6.455E-01 6.482E-01 6.426E-01 6.418E-01 6.449E-01 6.481E-01 6.450E-01
3Am | 6.498E-01 | 6.496E-01 | 6.501E-01 6.461E-01 6.468E-01 | 6.469E-01 6.473E-01 6.499E-01 6.443E-01 6.435E-01 6.468E-01 6.499E-01 6.469E-01
108 6.400E-01 | 6.399E-01 | 6.404E-01 6.367E-01 6.371E-01 | 6.369E-01 6.375E-01 6.402E-01 6.347E-01 6.339E-01 6.370E-01 6.401E-01 6.371E-01
ALL | 1.496E-01 | 1.500E-01 | 1.500E-01 N.R. N.R. N.R. 1.495E-01 1.494E-01 1.489E-01 1.490E-01 1.493E-01 1.494E-01 1.494E-01
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Table 7. Production rate on 2*°U in s” (sub-phase 1)

case | APOLOD TRC|CPE§L|4 vonps | scaltei | scaler | scaLEsd oramoest | yonzs | PO | auveay SOALER A0S SCALED
281G o E%‘;’;t' XSZDS%%PM ggg‘g KEZ“S'géva 238G Cont. Energy |  69G 696 Kgg'gév' 586/19G KEzhégg'V'
9y ay

0 | 1318E+00 | 1318E+00 | 1318E+00 | 1310E#00 | 13126400 | 1311E+00 | 13126400 | 1318E+00 | 1305E+00 | 1.304E%00 | 1312E400 | 1318E+00 | 1312E400
®Mo | 1313£+00 | 1313E+00 | 1315E+00 | 1306E+00 | 1307E+00 | 1307E+00 | 1308E+00 | 1314E+00 | 1301E+00 | 1.300E+00 | 1.307E+00 | 1314E+00 | 1.307E+00
®Tc | 1308E+00 | 1308E+00 | 1309E+00 | 1301E+00 | 1302E+400 | 1301E%00 | 1303E+00 | 1308E+00 | 1295E+00 | 1294E+00 | 1302E+00 | 1308E+00 | 1.303E+00
ORu | 1314E+00 | 1314E+00 | 1316E+00 | 1307E+00 | 1308E+00 | 1308E+00 | 1309E+00 | 1316E+00 | 1302E+00 | 1300E+00 | 1308E+00 | 1314E+00 | 1.308E+00
RN | 1202E+00 | 12926400 | 1293E+00 | 1285E400 | 1286E400 | 1285E400 | 12676400 | 1292E+00 | 1280E+00 | 1278E+00 | 1286E400 | 1293E+00 | 12856400
Ag | 1314E+00 | 1314E+00 | 1315E400 | 1307E+00 | 1.308E+00 | 1.308E+00 | 1309E+00 | 1316E400 | 1302E+400 | 1301E+00 | 1308E00 | 1314E+00 | 1.308E+00
WCs | 1305E+00 | 1305E+00 | 1306E+00 | 1208E+00 | 1299E+00 | 1299E+00 | 1300E+00 | 1306E+00 | 1293E+00 | 1292E+00 | 1299E+00 | 13056400 | 1.299E+00
WNd | 1290E+00 | 1290E+00 | 1291E+00 | 1284E+00 | 1284E+00 | 1285E+00 | 1285E+400 | 1291E+00 | 1278E+00 | 12776400 | 12856400 | 1290E+00 | 1.284E+00
WNd | 1311E+00 | 1311E+00 | 13126400 | 1301E+00 | 1305E+00 | 1305E+00 | 1306E+00 | 1311E+00 | 1299E+00 | 1297E+00 | 1305E+400 | 1311E+00 | 1.305E+00
WiSm | 13156400 | 1315E400 | 1316E#00 | 1307E+00 | 1309E%00 | 1309E+00 | 1310E+00 | 1315E%00 | 1.303E+00 | 1.301E+00 | 1.309E+00 | 1316E+00 | 1.309E+00
uSm | 1288E+00 | 128BE+00 | 1289E+00 | 1281E+00 | 1282E%00 | 1283E+00 | 1283E400 | 128BE400 | 1276E400 | 1274E+00 | 1262E+00 | 1288E+00 | 1.282E+00
WSm | 1314E+00 | 1314E+00 | 13156+00 | 1306E+00 | 1308E+00 | 1308E+00 | 1309E+00 | 1314E+00 | 1.300E+00 | 1299E+00 | 1.308E+00 | 1314E+00 | 1.308E+00
1Sm | 1300E+00 | 1300E+00 | 1301E+00 | 1293E+00 | 1294E+00 | 1294E+00 | 1295E+00 | 1301E+00 | 1288E+00 | 1286E+00 | 1204E¥00 | 1300E+00 | 1.295E+00
2Sm | 1309E+00 | 1309E+00 | 1310E+00 | 1302E+00 | 1303E#00 | 1303E+00 | 1304E400 | 1309E%00 | 1296E+00 | 1295E+00 | 1.303E+00 | 1309E+00 | 1.302E+00
WEu | 1311E+00 | 1311E+00 | 1312E400 | 1304E400 | 1.305E+400 | 1.305E%00 | 1.306E+00 | 13126400 | 1299E+00 | 1297E+00 | 1305E+400 | 1311E+00 | 1.304E+00
G0 | 1309E+00 | 1309E+00 | 1309E+00 | 1301E400 | 1302E+00 | 1302400 | 1303E+00 | 1309E+00 | 1296E+00 | 1295E+00 | 1303E+00 | 1308E+00 | 1302E+00
U | 8820E-01 | BBI4EDI | B828ED1 | BII0ED1 | B779E01 | 8778201 |  6.784E-01 BT9TE01 | B740E-01 | B726E-01 | B779E-01 | B814E01 | 678301
) | 1305E+00 | 1305E+00 | 1306E+00 | 1295E+00 | 1299E+00 | 1299E+00 |  1300E+00 | 1305E+00 | 1294E+00 | 1292E+00 | 1299E+00 | 13056400 | 1.298E+00
ZiNp | 1306E400 | 1306E400 | 1307E+00 | 1299E+00 | 1300E+00 | 1299E+00 | 1301E+00 | 1306E+00 | 1294E+00 | 1292E+00 | 1300E+00 | 1306E#00 | 1299E+00
2Py | 1311E+00 | 1311E400 | 13126400 | 1304E400 | 1305E400 | 1305E+400 | 1306E+00 | 1311E00 | 1299E+00 | 1297E+00 | 1305E400 | 1311E400 | 13056400
Py | 0337E-01 | 9348E01 | 9352601 | 9286E-01 | 9305601 | 9308E-01 |  9313E-01 0329E-01 | 9255E-01 | 9256E-01 | 9305E-01 | 9334E-01 | 9.298E-01
2Py | 1199E+00 | 1499E+00 | 1199E+00 | 1A91E+00 | 1A94E+00 | 1493E+00 | 1A94E+00 | 1498E+00 | 1486E+00 | 1.186E+00 | 1193E+00 | 1.196E+00 | 1.193E+00
2Py | 1189E+00 | 1490E+00 | 1190E+00 | 14G3E+00 | 1AGAE*00 | 14B4E+00 | 1485400 | 1AB9E*00 | 1A78E+00 | 1A77E+00 | 1184E+00 | 1.189E+00 | 1.184E+00
2Py | 1309E400 | 1309E+00 | 1310E400 | 13026400 | 1303E400 | 13026400 | 1304E100 | 1310E+00 | 1297E+00 | 1296E+00 | 1303E+00 | 1309E+00 | 1.303E+00
%Am | 1310E400 | 1310E+00 | 1311E%00 | 1303E+00 | 1.304E400 | 1304E400 | 1.305E400 | 1311E00 | 1298E+00 | 1296E400 | 1304E+00 | 1310E+00 | 1.304E+00
%Am | 1314E400 | 1314E+00 | 1315E+00 | 1306E+00 | 1308E+00 | 1308E+00 | 1300E+00 | 1314E+00 | 1301E+00 | 1300E+00 | 1308E+00 | 1314E+00 | 1.308E+00
0B | 1294E+00 | 1294E+00 | 1295400 | 1287E+00 | 128BE+00 | 1287E+00 | 128BE+00 | 1294E%00 | 1281E+00 | 1280E+00 | 1288E+00 | 1294E+00 | 1.288E+00
ALL | 3012E:01 | 3020E01 | 3020801 NR. NR. NR. 3.008E-01 3006E-01 | 2993E-01 | 2997E-01 | 3004E-01 | 3005801 | 3006E-01
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Table 8. Scattering rate on **°U in s (sub-phase 1)

case | ARG 02 TRCCI:;FI’EC/)\LM vonps | scaltei | scaloes | ScaLEsd poromoest | yonss | DROSON | Gmva SOALEG Choos SCALES.
281G ot E%‘;’;t' XS%%%PM ggg‘g K'Ezgsoéva 238G Cont. Energy |  69G 696 Kgglgév' 586/19G KEzNSgg'V'

ay ay
0 | 8242E-02 | 8.234E-02 | 8.240E-02 | 8212E-02 | 8.203E-02 | 8220E-02 | 8A9E-02 | 8261E-02 | 7279E-02 | 7281E-02 | B8216E-02 | 7316E-02 | B8216E-02
®Mo | 8231E-02 | 8224E-02 | 8230E-02 | B8202E-02 | 8193E-02 | 8211E-02 | B186E02 | B250E02 | 7270E02 | 7271E-02 | B208E-02 | 7.306E-02 |  8.209E-02
®Tc | 8219E-02 | B211E-02 | B216E02 | B.192E-02 | B.180E-02 | B196E-02 | B8172E-02 | 8.236E-02 | 7.256E-02 | 7.258E-02 | 895E-02 | 7.293E-02 | 8195E-02
"Ry | 8.232E-02 | 8.225E-02 | 8.230E-02 | B.203E-02 | B.194E-02 | B211E-02 | 886E-02 | 8250E-02 | 7270E-02 | 7273E-02 | 8207E-02 | 7.305E-02 | 8207E-02
6Rh | 8.193E-02 | 8.185E-02 | B.190E-02 | B.162E-02 | B155E-02 | BATAE-02 | GBA4TE-02 | 8209E-02 | 7230E-02 | 7231E-02 | 8168E-02 | 7268E-02 | 867E-02
Ag | B234E-02 | B226E02 | B232E-02 | B203E02 | BA9GE-02 | B213E-02 | B8E-02 | 8250E-02 | 7272E-02 | 7274E-02 | 8.210E-02 | 7.307E-02 | 8.209E-02
WCs | B8213E-02 | B206E02 | B8212E02 | B1BAE-02 | BA75E-02 | B.193E-02 | BAG7E-02 | 8230E-02 | 7.251E-02 | 7253E-02 | 8A89E-02 | 7.287E-02 | 8.488E-02
NG | 8.201E-02 | B.194E-02 | 8.200E-02 | B.178E-02 | B.163E-02 | BBIE-02 | 8A55E-02 | 8219E-02 | 7.239E-02 | 7241E-02 | 8A78E-02 | 7274E-02 | 8A75E-02
NG | 8.227E-02 | 8.220E-02 | 8.225E-02 | B.180E-02 | B.189E-02 | B207E-02 | GBABIE-02 | 8.245E-02 | 7.65E-02 | 7268E-02 | 8204E-02 | 7.301E-02 |  8204E-02
WSm | 8236E-02 | 8228E-02 | 8234E-02 | B8203E-02 | 8198E-02 | 8215602 | B190E02 | B253E02 | 7.273E-02 | 7276E02 | B212E-02 | 7.309E02 |  8.210E-02
uSm | 8199E-02 | 8192E-02 | 8197E-02 | BA70E-02 | 8161E-02 | BA76E-02 | G8153E-02 | B215E-02 | 7.236E-02 | 7.238E-02 | BA75E02 | 7272602 | 8A73E-02
W0Sm | 8236E-02 | 8228E-02 | 8234E-02 | B8203E-02 | 8197E-02 | B216E-02 | GB189E02 | B253E-02 | 7.269E-02 | 7271E-02 | B211E-02 | 7.308E02 | 8.210E-02
w1Sm | 8219E-02 | 8211E-02 | 8216E-02 | 8190E-02 | 8.180E-02 | B196E-02 | B8A72E-02 | B238E02 | 7.256E-02 | 7.257E-02 | B94E-02 | 7.291E-02 | 8.196E-02
52Sm | 8223E-02 | 8215E-02 | 8221E-02 | B8193E-02 | 8.184E-02 | B200E-02 | BA76E-02 | B240E02 | 7.259E-02 | 7.261E02 | B8198E-02 | 7.296E-02 | 8.197E-02
WE | 8229E-02 | B222E-02 | B227E02 | B201E02 | BAOE-02 | B208E-02 | B83E-02 | B.246E-02 | 7.266E-02 | 7268E-02 | 8.204E-02 | 7.302E-02 | 8.204E-02
Gd | 8.230E-02 | 8.223E-02 | 8.228E-02 | 8.201E-02 | 8492E-02 | 8209E-02 | 8AB4E-02 | B8247E-02 | 7267E-02 | 7269E-02 | B8206E-02 | 7303E-02 | 8205602
U | 2880E-02 | 2879E-02 | 2882E-02 | 2872E-02 | 2872E-02 | 2876E-02 | 2871E-02 | 2884E-02 | 2631E-02 | 2632E-02 | 2876E-02 | 2643E02 | 2877E-02
2 | 8208E-02 | 8200E-02 | B206E-02 | B163E-02 | B.160E-02 | B188E-02 | B162E-02 | 8225602 | 7249E-02 | 7.251E02 | BAB4E-02 | 7.282E02 | 8.182E-02
ZiNp | 8.218E-02 | 8.210E-02 | 8.216E-02 | 8A91E-02 | 8180E-02 | 8196E-02 | 8A72E-02 | 8236E-02 | 7.256E-02 | 7258E-02 | B8196E-02 | 7291E-02 | B.191E-02
Py | 8.232E-02 | 8.225E-02 | B.230E-02 | B.202E-02 | BA94E-02 | B210E-02 | G8ABG6E-02 | 8250E-02 | 7.269E-02 | 7271E-02 | 8.207E-02 | 7.305E-02 | 8207E-02
Py | 7.613E-02 | 7.612E-02 | 7.616E-02 | T7.594E-02 | 7582E-02 | TG6O1E-02 | 7564E-02 | 7629E-02 | 6.651E-02 | 6.652E-02 | 7596E-02 | 6.6B1E-02 | 7.597E-02
Py | B.O0AE-02 | 7.998E-02 | BOO3E-02 | 7.975E-02 | 7.969E-02 | 7.986E-02 | 7960E-02 | BOM9E-02 | 7.043E-02 | 7.045E-02 | 7983E-02 | 7O74E-02 | 7.982E-02
Py | B.03BE-02 | B.032E-02 | BOTE-02 | BO13E-02 | BO02E-02 | BO19E-02 | 7995E-02 | BOS6E-02 | 7.079E-02 | 7.081E-02 | 8O17E-02 | 7A13E-02 | 8.014E-02
2Py | 8.220E-02 | B8214E-02 | 8.220E-02 | B.192E-02 | 8.183E-02 | BA97E-02 | BAT6E-02 | 8239E-02 | 7.260E-02 | 7261E-02 | 8A97E-02 | 7.295E-02 | 8.198E-02
wAm | 8229E02 | B221E02 | B227E-02 | B201E-02 | B.190E-02 | B208E-02 | GB83E-02 | B246E-02 | 7.266E-02 | 7268E-02 | 8.204E-02 | 7.302E-02 | 8204E-02
2Am | 8234E02 | B226E02 | B231E-02 | B202E-02 | BA95E-02 | B214E-02 | BABTE02 | B251E-02 | 7271E-02 | 7274E-02 | 8.210E-02 | 7.306E-02 | 8.206E-02
B | 8.206E-02 | 8199E-02 | 8.205E-02 | 8180E-02 | 8168E-02 | 81B6E-02 | B160E-02 | B224E-02 | 7244E-02 | 7245E-02 | B8182E-02 | 7279E-02 | B.181E-02
ALL | 2049E-02 | 2.050E-02 | 2.051E-02 NR. NR. NR. 2037602 | 2053E-02 | 1799E-02 | 1.800E02 | 2046E-02 | 1.805E-02 | 2.047E-02
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Table 9. Absorption rate on **U in s” (sub-phase 1)

case | APOTOD TRPOL | MRS | ScALtes | ScALSed | ScALte DR i PRESON | Guve-i SOALE 1 A0S SCALES.
o Cont. Cont. | XSDRNPM | NEWT | KENOWa o Cont. oo 69G keNovi | SS90 | KkeNosvi

Energy Energy 238G 238G 238G Energy 238G 238G
0 | 2748E-01 | 2746E-01 | 2748E-01 | 2787601 | 2769E-01 | 2785601 | 2780E01 | 2749E-01 | 2.808E-01 | 2.802E-01 | 2785601 | 2751E-01 |  2.785E-01
®Mo | 2743E-01 | 2742E-01 | 2743E-01 | 2782E-01 | 2764E-01 | 2780E-01 | 2775E-01 | 2744E-01 | 2803E-01 | 2797E-01 | 2780E-01 | 2.746E-01 | 2.781E-01
®Tc | 2737E-01 | 2.736E-01 | 2.737E-01 | 2777E-01 | 2.758E-01 | 2771E-01 | 2769E-01 | 2.738E-01 | 2.796E-01 | 2790E-01 | 2.774E-01 | 2741E-01 |  2.775E-01
WRu | 2.744E-01 | 2.742E-01 | 2743E-01 | 2782E-01 | 2.764E-01 | 2780E-01 | 2.775E-01 | 2.744E-01 | 2.803E-01 | 2.798E-01 | 2.780E-01 | 2.746E-01 | 2.781E-01
WRh | 2.731E-01 | 2.720E-01 | 2.730E-01 | 2769E-01 | 2.752E-01 | 2769E-01 | 2763E-01 | 2731E-01 | 2791E-01 | 2.784E-01 | 2.768E-01 | 2.734E-01 |  2.768E-01
WAG | 2745E-01 | 2744E-01 | 2.744E-01 | 2783E-01 | 2.766E-01 | 2783E-01 | 277701 | 2.745E-01 | 2804E-01 | 2.798E-01 | 2782E-01 | 2748601 |  2.783E-01
WCs | 2734E-01 | 2732E-01 | 2.733E-01 | 2772E-01 | 2.754E-01 | 2770E-01 | 2766E-01 | 2.733E-01 | 2.793E-01 | 2.787E-01 | 2771E-01 | 2736E-01 |  2.769E-01
WNd | 2730E-01 | 2.728E-01 | 2729E-01 | 2771E-01 | 2.750E-01 | 2767E-01 | 2762E-01 | 2730E-01 | 2790E-01 | 2.784E-01 | 2767E-01 | 2.732E-01 |  2.765E-01
UNG | 2.742E-01 | 2741E-01 | 2741E-01 | 2775E-01 | 2.763E-01 | 2780E-01 | 2774E-01 | 2742E-01 | 2802E-01 | 2796E-01 | 2779E-01 | 274401 |  2.778E-01
WSm | 2746E-01 | 2744E-01 | 27456-01 | 2783E-01 | 2766E-01 | 2783E-01 | 2777E-01 | 2.746E-01 | 2.805E-01 | 2.799E-01 | 2783E-01 | 2.748E-01 | 2.781E-01
uSm | 2729E-01 | 2728E-01 | 2729E-01 | 2768E-01 | 2750E-01 | 2763E-01 | 2761E-01 | 2.720E-01 | 2.789E-01 | 2.783E-01 | 2767E-01 | 2.732E-01 | 2.768E-01
WSm | 2743E-01 | 2742E-01 | 2742E-01 | 2781E-01 | 2764E-01 | 2779E-01 | 2775E-01 | 2.743E-01 | 2.804E-01 | 2.797E-01 | 2780E-01 | 2.747E-01 | 2.779E-01
wSm | 2737E-01 | 2735601 | 2736E-01 | 2776E-01 | 2758E-01 | 2773E-01 | 2769E-01 | 2.738E-01 | 2.797E-01 | 2791E-01 | 2774E-01 | 2.739E-01 | 2.775E-01
w2Sm | 2737E-01 | 2736E-01 | 2738E-01 | 2776E-01 | 2758E-01 | 2775E-01 | 2770E-01 | 2.738E-01 | 2.802E-01 | 2.795E-01 | 2774E-01 | 2.740E-01 | 2.775E-01
WEW | 2743E-01 | 2741E-01 | 2.742E-01 | 2782E-01 | 2763E-01 | 2779E-01 | 2775601 | 2.743E-01 | 2802E-01 | 2.796E-01 | 2779E-01 | 2745601 | 2.781E-01
wGd | 2742601 | 2741E-01 | 2742601 | 2781E-01 | 2763E01 | 2778601 | 2774E01 | 2743E-01 | 2.802E-01 | 2796E-01 | 2779E-01 | 2745601 |  2.779E-01
U | 4.100E-01 | 4.004E-01 | 4.098E-01 | 4132E-01 | 4A15E-01 | 4132E-01 | 4128E-01 | 4.089E-01 | 4450E-01 | 4443E-01 | 4433E-01 | 4405E-01 | 4433E-01
20 | 2734E-01 | 2.733E-01 | 2.734E-01 | 2768E-01 | 2.755E-01 | 2772E-01 | 2766E-01 | 2.735E-01 | 2.792E-01 | 2.786E-01 | 2771E-01 | 2.737E-01 |  2.770E-01
ZiNp | 2738E-01 | 2737E-01 | 2738E-01 | 2778E-01 | 2759E-01 | 2776E-01 | 2770E-01 | 2739E-01 | 2.798E-01 | 2792E-01 | 2776E-01 | 2.741E-01 | 2.775E-01
Py | 2.744E-01 | 2742E-01 | 274301 | 2782601 | 2764E-01 | 277901 | 2776E-01 | 2743E-01 | 2803E-01 | 2797E-01 | 2.781E-01 | 2746601 | 2.781E-01
9Py | 2487E-01 | 2487E-01 | 2488E-01 | 2527E-01 | 2500E-01 | 2525601 | 2517E-01 | 2486E-01 | 2546E-01 | 2541E-01 | 2626E-01 | 2488E-01 |  2.526E-01
Py | 2665E-01 | 2664E-01 | 2665E-01 | 2704E-01 | 2687E-01 | 2702E-01 | 2698E-01 | 2.666E-01 | 2726E-01 | 2720E01 | 2703E-01 | 2667E-01 |  2.702E-01
#Py | 2650E-01 | 2658E-01 | 2650E-01 | 2698E-01 | 2680E01 | 2607E01 | 2691E-01 | 2660E-01 | 2719E-01 | 2713E01 | 2697E-01 | 2661E-01 |  2.698E-01
wpy | 2742E-01 | 2740E-01 | 2740E-01 | 2781E-01 | 2763E-01 | 2780E01 | 2774E01 | 2742E-01 | 2.802E-01 | 2795601 | 2779E-01 | 2744E-01 |  2.780E-01
wAm | 2743E-01 | 2742E-01 | 2.742E-01 | 2782E-01 | 2764E-01 | 2779E-01 | 2775601 | 2.743E-01 | 2803E-01 | 2.797E-01 | 2.780E-01 | 2745601 | 2.779E-01
2Am | 2745E-01 | 2744E-01 | 2.744E-01 | 2783E-01 | 2766E-01 | 2781E-01 | 2777601 | 2.746E-01 | 2805E-01 | 2.799E-01 | 2.783E-01 | 2748601 | 2.782E-01
B | 2732E-01 | 2731E-01 | 2732E01 | 2772E01 | 2753601 | 2770E01 | 2764E-01 | 2732E-01 | 2792E-01 | 2786E-01 | 2769E-01 | 2735601 |  2.769E-01
ALL | 2637E-01 | 2636E-01 | 2636E-01 NR. NR. NR. 2665E-01 | 2635601 | 2.696E-01 | 2691E01 | 2675601 | 2639E-01 |  2.675E-01
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Table 10. Production rate on **U in s™ (sub-phase 1)

Case | AP0 TRPOL4 | MNPS | ScALEss | SCALEed | ScALte Do i DRESON | amvpii SOALER 1 Choos SCALES
fovr Cont. Cont. | XSDRNPM | NEWT | KENO-a o Cont. oo 69G KENovi | SASMOS | keNog-vi
Energy Energy 238G 238G 238G Energy 238G 238G

0 | 7303E02 | 7.374E-02 | 7.376E-02 | 7.336E02 | 7.337E-02 | 7372602 | 7AT8E-02 | 7.3B1E-02 | TAI7E-02 | 7442E-02 | 7.369E-02 | 7.335E-02 | 7.366E-02
®Mo | 7.300E-02 | 7371E-02 | 737402 | 7334E-02 | 7334E-02 | 7370E-02 | 7TAT6E-02 | 7374E-02 | TA14E-02 | 7430E-02 | 7372E02 | 7333E02 | 7.371E-02
WTc | 7300E-02 | 7371E-02 | 7372E02 | 7336E-02 | 7.334E-02 | 7374E02 | 7A75E02 | 7.374E-02 | 7414E-02 | 7440E-02 | 7370E-02 | 7333E-02 | 7.369E-02
"Ry | 7.300E02 | 737102 | 7371E02 | 7334E02 | 7334E02 | 7378E02 | 7AT6E-02 | 7.373E-02 | 7414E-02 | 7442E-02 | 7368E-02 | 7.333E-02 | 7.373E-02
WRh | 7.301E-02 | 7.372E02 | 7373E02 | 733402 | 7335602 | 737TIE02 | TAT7E02 | 7.370E-02 | 7415602 | 7440E02 | 7373E-02 | 7.334E-02 | 7.364E-02
WAg | 7303E-02 | 7373E-02 | 7373602 | 7334E-02 | 733702 | 7366E02 | 7A78E02 | 7.375E-02 | 7AI6E-02 | 7A43E02 | 7.369E-02 | 7.335E-02 | 7.374E-02
WCs | 7300E-02 | 7371E-02 | 737102 | 7333602 | 7334602 | 7370E02 | 7A75E02 | 7.371E-02 | 7A14E-02 | 7442E-02 | 7.367E-02 | 7.333E-02 | 7.371E-02
WNd | 7301E02 | 7371E02 | 7.376E-02 | 7340E02 | 7.335E-02 | 7.375E-02 | 7A76E-02 | 7.375E-02 | 7415E-02 | 7442E-02 | 737AE-02 | 7.333E-02 | 7.369E-02
NG | 7301E-02 | 7.372E02 | 7373E02 | 7319E02 | 7335602 | 7.379E-02 | 7A76E-02 | 7.375E-02 | 7415E-02 | 7444E-02 | 7373E-02 | 7.333E-02 | 7.367E-02
wSm | 7.303E-02 | 7373E-02 | 7374E-02 | 7333E-02 | 7336E-02 | 7372602 | TAT8E-02 | T37SE-02 | TA16E-02 | TA4AE-02 | TOTAE02 | 7335602 | 7.372E-02
usSm | 7.303E-02 | 7374E-02 | 7374E-02 | 7337E-02 | 7337E-02 | 7366E-02 | 7TAT8E-02 | T37AE02 | TA16E-02 | T443E-02 | 7OT0E02 | 7335602 | 7.369E-02
WSm | 7.302E-02 | 7373E-02 | 7374E-02 | 7333602 | 7336E-02 | 7375E-02 | TAT7E02 | 737802 | TA16E02 | TA4IE02 | T7367E02 | 7.334E-02 | 7.371E-02
©Sm | 7.303E-02 | 7.373E-02 | 7374E-02 | 7337E-02 | 7337E-02 | 7368E-02 | 7A78E-02 | 7379E-02 | TA16E02 | 7443E-02 | 7376E02 | 7.335E02 | 7.364E-02
w2Sm | 7.302E-02 | 7.374E-02 | 7374E-02 | 7336E-02 | 7336E-02 | 7377E-02 | 7AT8E-02 | 7373E-02 | TA16E-02 | 7444E-02 | 7369E02 | 7335602 | 7.376E-02
WEu | 7303E-02 | 7374E-02 | 737502 | 7337E-02 | 7336E-02 | 7366E02 | 7A78E02 | 7.373E-02 | TAIGE-02 | 7A42E02 | 7.372E-02 | 7.335E-02 | 7.373E-02
wGd | 7.303E-02 | 7.374E-02 | 7.374E-02 | 7.337E-02 | 7.337E-02 | 7.374E-02 | TATBE-02 | 7.376E-02 | TAITE-02 | 7443E-02 | 7372E-02 | 7.335E-02 | 7.377E-02
U | 7341E-02 | T413E-02 | TA14E-02 | 737202 | 7376E02 | 7TAO6E-02 | 7221E-02 | TAOTE-02 | 7462602 | 74Q1E-02 | T7412E02 | 7349E02 | 7.419E-02
z6 | 7.05E-02 | 7.366E-02 | 7.367E-02 | 7315E-02 | 7.320E-02 | 7372E-02 | 7AT0E-02 | 7.366E-02 | TAOBE-02 | 7434E-02 | 7366E02 | 7327E02 | 7.367E-02
ZNp | 7.302E-02 | 7.372E-02 | 7.373E-02 | 7.337E-02 | 7.335E-02 | 7.366E-02 | 7ATIE-02 | 7.374E-02 | T415E-02 | 7443E-02 | 7373602 | 7334E-02 | 7361E-02
Py | 730E02 | T73E02 | 7375E02 | 735E-02 | 7.336E02 | 7.374E-02 |  7A78E-02 | 7.375E-02 | 7416E-02 | 7440E-02 | 7.368E-02 | 7.335E-02 | 7.366E-02
Py | T420E02 | TAOE02 | TA93E-02 | TABIE02 | TASOE-02 | TAQ0E-02 | 766E-02 | 7492E-02 | 7A04E-02 | 7430E-02 | 7AG7E-02 | TA10E-02 | 7492E-02
wPy | 7207E-02 | 7.368E-02 | 7.368E-02 | 7332E-02 | 7332E-02 | 7367E02 | TA7AE-02 | 7.370E-02 | 7412E-02 | T437E02 | 7369E-02 | 7.331E-02 | 7.368E-02
wPy | 7305602 | 7376E-02 | 7376E02 | 7340E02 | 7339E-02 | 7378E02 | 7A75E-02 | 7.379E-02 | 7413E-02 | 7440E02 | 7372E-02 | 7.337E-02 | 7.370E-02
Py | 7300E02 | 7T373E-02 | 7374E02 | 7335E02 | 7336E02 | 7370E02 | 7ATTE02 | 7.379E-02 | 7415E-02 | 7439E-02 | 7.367E-02 | 7.334E-02 | 7.364E-02
%Am | 7303E-02 | 7374E-02 | 737502 | 7336E-02 | 7337E-02 | 7370E02 | 7TAT8E02 | 7.373E02 | 7A16E02 | TA45E02 | 7.373E02 | 7.3356-02 | 7.369E-02
2Am | 7303E-02 | 7374E-02 | 7373602 | 7335E-02 | 7336E02 | 7O75E02 | TAT8E02 | 7.377E02 | TAI6E02 | TAASE02 | 7.372E-02 | 7.335E-02 | 7.372E-02
B | 7.303E-02 | 7.373E-02 | 7.374E-02 | 7339E-02 | 7.337E-02 | 7372E-02 | 7ATBE-02 | 7.376E-02 | 7T416E-02 | 7443E-02 | 7373602 | 7335E-02 | 7.376E-02
ALL | 7505E-02 | 7.581E-02 | 7581E-02 NR. NR. NR. 7TAT2E-02 | 7583E-02 | T410E-02 | 7437E-02 | 7502E02 | 7490E02 | 7.589E-02

29100 W/OSN/VAN



(43

Table 11. Scattering rate on U in s (sub-phase 1)

case | APOTOD TRC|CPE§L|4 MONPs | scALte | SCALES! | SCALES. voraeesr | onss | DRSON | Guvp SOALE 1 Choos SCALES.|
281G o Ecnzrr“' XS?Q(';PM ggg‘g KEZ“S'géva 238G Cont. Energy |  69G 69G Kgglgév' 586/19G KEZNS(Q?B'V'
9y 9y

0 | 2633E+00 | 2636E+00 | 2637E+00 | 2649E+00 | 2645E+00 | 2652E400 | 2643E+00 | 26426400 | 2271E+00 | 2272E400 | 2650E+00 | 2334E+00 | 2650E400
®Mo | 2631E+00 | 2634E+00 | 2635E+00 | 2647E+00 | 2642E+00 | 2650E+00 |  2640E+00 | 2639E+00 | 2260E+00 | 2270E+00 | 2649E+00 | 23326400 | 2.649E+00
T | 2628E+00 | 2631E+00 | 2632E+00 | 2646E+00 | 2640E+00 | 2647E+00 | 2638E+00 | 2636E+00 | 2266E+00 | 2267E+00 | 2646E+00 | 2329E+00 | 2.646E+00
WRu | 2631E400 | 2634E+00 | 2635E+00 | 2647E+00 | 2642E+00 | 2650400 | 2640E400 | 2639E+00 | 2269E+00 | 2271E+00 | 2648E+00 | 2332E+00 | 2648E+00
RN | 2623E400 | 2626E400 | 26276400 | 2639E+00 | 2635E00 | 2642E+00 | 2632E400 | 2631E+00 | 2261E400 | 2260E+00 | 2641EF00 | 2325E+00 | 2641E+00
A | 2632E400 | 2634E+00 | 2635E+00 | 2647E+00 | 2643E+00 | 2651E400 | 2641E400 | 2639E00 | 2270E400 | 2271E+00 | 2649E+00 | 2333E400 | 2.649E+00
WCs | 2627E+00 | 2630E+00 | 2631E+00 | 2643E+00 | 2639E+00 | 2646E+00 |  2636E+00 | 2634E00 | 2265E+00 | 2266E+00 | 2644E+00 | 2328E400 | 2.644E+00
WNG | 2625E400 | 2628E+400 | 2629E+00 | 2643E+00 | 2636E400 | 2644E+00 |  2634E+00 | 2633E+00 | 2263E+00 | 2264E+00 | 2643E+00 | 2326E+00 | 26426400
UNd | 2630E400 | 2633E00 | 2634E+00 | 2641E400 | 2642E400 | 2649E+00 |  2639E00 | 2638E+00 | 2268E+00 | 2270E+00 | 2648E+00 | 2331E+00 | 2647E+00
WISm | 2632E+00 | 2635E400 | 2636E400 | 2647E400 | 2643E+00 | 2651E+00 |  2641E+00 | 26406400 | 2270E00 | 2271E+00 | 2650E400 | 23336400 | 2.649E+00
USm | 2625E+00 | 2628E400 | 2628E400 | 2641E400 | 2636E+00 | 2643E+400 |  2634E+00 | 26326400 | 2263E+00 | 2264E00 | 2642E400 | 2826E400 | 2.642E+00
WSm | 2632E+00 | 2635E+00 | 2636E+00 | 2647E+00 | 2643E+00 | 2651E+00 |  2641E+00 | 2640E400 | 2269E+00 | 2270E+00 | 2649E+00 | 2333E400 | 2.649E+00
1Sm | 2629E+00 | 2631E+00 | 2632E+00 | 2645E400 | 2640E+00 | 2647E+00 |  2638E+00 | 2637E00 | 2267E+00 | 2268E+00 | 2646E+00 | 2329E+00 | 2.647E+00
2Sm | 2620E+00 | 2632E+00 | 2633E+00 | 2645E400 | 2640E+00 | 2647E+00 |  2638E+00 | 2637E400 | 2267E+00 | 2268E400 | 2646E400 | 2330400 | 2.646E+00
WEu | 2630E400 | 2633E+00 | 2634E+00 | 2647E+00 | 2642E+00 | 2649E00 |  2640E400 | 2636E100 | 2268E+00 | 2270400 | 2648E400 | 2331E400 | 2.648E+00
G0 | 2631400 | 2634E400 | 26356400 | 2647400 | 2642400 | 2650E+00 |  2640E+00 | 2639E+00 | 2269E+00 | 2270E+00 | 2648E+00 | 23328400 | 2648E+00
26 | 3207E+00 | 3203E+00 | 3205E+00 | 3216E+00 | 3213E+00 | 3220400 | 3212E400 | 3207E+00 | 2840E+00 | 2842E+00 | B3219E+00 | 2906E+00 | 3220E+00
0 | 2625E+00 | 2628E+00 | 2629E+00 | 2637EF00 | 2637E+00 | 2645E+00 |  2635E+00 | 2633E00 | 2264E+00 | 2265E+00 | 2643E400 | 2.326E400 | 2.643E+00
ZNp | 2628E400 | 2631E400 | 26326400 | 2645E400 | 2640E+00 | 2647E+00 | 2637400 | 2636E+00 | 2266E+00 | 2268E+00 | 2646E+00 | 2329E+00 | 2645400
Py | 2631E400 | 2634E00 | 2635E400 | 2647E+00 | 2643E+00 | 2649E+00 | 2640400 | 2639E+00 | 2269E+00 | 2270E+00 | 2648E+00 | 23328400 | 2649E+00
Z9Py | 2505E400 | 2509E400 | 2510E400 | 2504E+00 | 2518E400 | 25068400 | 2512400 | 2513E+00 | 2142E400 | 2143E+00 | 2524E+00 | 2204E+00 | 2524400
2Py | 2583E+00 | 2567E+00 | 2567E+00 | 2600E+00 | 2596E+00 | 2603E+00 | 2593400 | 2591E+00 | 2200E+00 | 2223E+00 | 2602E+00 | 2284E+00 | 26026400
WPy | 2501E400 | 2594E+00 | 2.595E+00 | 2609E+00 | 2603E+00 | 2610E+00 | 2601E+00 | 2599E+00 | 2230E+00 | 2232E+00 | 2609E+00 | 2202E+00 | 2.608E+00
2Py | 2629E400 | 26326400 | 26336400 | 2645E400 | 2640E400 | 2647E+00 |  2636E400 | 2637E+00 | 2267E400 | 2268E+00 | 2646E+00 | 2330E+00 | 2.646E+00
%Am | 2631E400 | 2633E+00 | 2634E+00 | 2647E+00 | 26426400 | 2649E+00 | 2640E400 | 2636E100 | 2269E+00 | 2270E+00 | 2648E400 | 2332E400 | 2.648E+00
2Am | 2631E+00 | 2634E+00 | 2635E+00 | 2647E+00 | 2643E+00 | 2651E+00 | 2641E+400 | 2640E+00 | 2260E+00 | 2271E+00 | 2649E+00 | 23326400 | 2.648E+00
0B | 2626E+00 | 2629E+00 | 2630E+00 | 2643E+00 | 263BE+00 | 2645E+00 | 2635E+00 | 2634E+00 | 2264E+00 | 2265E+00 | 2643E+00 | 2827E+00 | 2643E+00
ALL | 2557E+00 | 2561E+00 | 2561E+00 NR. NR. NR. 25635400 | 2563E+00 | 2494E+00 | 295E+00 | 2576E+00 | 2255E+00 | 2577E+00
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Table 12. Absorption rate on %0 in s™ (sub-phase 1)

Case | AP 02 TRC(:I:FF’EC/)\LM MONPs | scaLte | SALEet | SCALES. voraecesr | yonss | DRON | Guvpay SOALEG A SCALES
281G ot Ecnzrr“' XS%%%PM “;Egg KEZ“S'géva 238G Cont. Energy |  69G 69G Kgglgév' 586/19G KEzhégg'V'

ay 9y
0 | 1416E-03 | 1427E-03 | 1427E-03 | 1420E-03 | 1430E-03 | 1418E-03 | 1382E03 | 1431E03 | 1433E-03 | 1437E-03 | 1421E-03 | 1435603 | 1.416E-03
Mo | 1416E-03 | 1426E-03 | 1427E-03 | 1420E-03 | 1429E-03 | 1424E-03 | 1382E-03 | 1426E-03 | 1432E-03 | 1436E-03 | 1423E-03 | 1434E-03 | 1421E-03
WTc | 1416E-03 | 1426E-03 | 1426E-03 | 1423E-03 | 1430E-03 | 1424E-03 | 1382E-03 | 1426E-03 | 1432E-03 | 1437E-03 | 1421E-03 | 1434E-03 | 1422E-03
WRu | 1416E-03 | 1426E-03 | 1426E-03 | 1423E-03 | 1429E-03 | 1423E-03 | 1382E-03 | 1426E-03 | 1432E-03 | 1437E-03 | 1420E-03 | 1434E-03 | 1421E-03
WRh | 1416E-03 | 1426E-03 | 1426E-03 | 1422E-03 | 1429E-03 | 1423E-03 | 1382E-03 | 1426E-03 | 1432E-03 | 1437E-03 | 1421E-03 | 1434E-03 | 1421E-03
WAg | 1416E-03 | 1426E-03 | 1427E-03 | 1422E-03 | 1429E-03 | 1420E-03 | 1382603 | 1427E-03 | 1433E-03 | 1437E-03 | 1421E-03 | 1435603 | 1424E-03
WCs | 1416E-03 | 1426E-03 | 1426E-03 | 1422E-03 | 1429E-03 | 1423E-03 | 1382603 | 1425E-03 | 14326-03 | 1437E-03 | 1421E-03 | 1434603 | 1421E-03
WNG | 1415E-03 | 1426E-03 | 1428E-03 | 1423E-03 | 1429E-03 | 1422E-03 | 1382E-03 | 1428E-03 | 1432E-03 | 1436E-03 | 1421E-03 | 1434E-03 | 1.424E-03
WNG | 1416E-03 | 1426E-03 | 1427E-03 | 1420E-03 | 1430E-03 | 1424E-03 | 1382E-03 | 1428E-03 | 1432E-03 | 1436E-03 | 1420E-03 | 1435603 | 1421E-03
WSm | 1416E-03 | 1427E-03 | 1427E-03 | 1420E-03 | 1431E-03 | 1418E-03 | 1382E-03 | 1427E-03 | 1433E-03 | 1438E-03 | 1423E-03 | 1435E-03 | 1422E-03
usSm | 1416E-03 | 1426E-03 | 1427E-03 | 1420E-03 | 1430E-03 | 1421E-03 | 1382E-03 | 1426E-03 | 1432E-03 | 1437E-03 | 1422E-03 | 1435E-03 | 1420E-03
W0Sm | 1416E-03 | 1427E-03 | 1427E-03 | 1420E-03 | 1429E-03 | 1423E-03 | 1382E-03 | 1428E-03 | 1432E-03 | 1437E-03 | 1420E-03 | 1435E-03 | 1421E-03
w1Sm | 1416E-03 | 1426E-03 | 1427E-03 | 1423E-03 | 1429E-03 | 1421E-03 | 1382E-03 | 1430E-03 | 1433E-03 | 1437E-03 | 1423E-03 | 1435E-03 | 1420E-03
w2Sm | 1416E-03 | 1426E-03 | 1427E-03 | 1420E-03 | 1430E-03 | 1423E-03 | 1382E-03 | 1426E-03 | 1433E-03 | 1437E-03 | 1422E-03 | 1435E-03 | 1424E-03
WEW | 1416E-03 | 1427E-03 | 1428E-03 | 1423E-03 | 1430E-03 | 1420E-03 | 1382603 | 1427E-03 | 1433E-03 | 1436E-03 | 1421E-03 | 1435603 | 14186-03
wGd | 1416E-03 | 1427E-03 | 1427E-03 | 1420E-03 | 1420E-03 | 1421603 | 1382603 | 1427E03 | 1433E-03 | 1437E-03 | 1423E-03 | 1435603 | 1.424E-03
20 | 1441E-03 | 1452603 | 1453E-03 | 1446E-03 | 1455E-03 | 1447E-03 | 1400E-03 | 1450E-03 | 1460E-03 | 1466E-03 | 1448E-03 | 1461E-03 | 1449E-03
20 | 1415E-03 | 1425E-03 | 1425E-03 | 1418E-03 | 1428E-03 | 1424E-03 | 1381E-03 | 1424E-03 | 1431E-03 | 1435E-03 | 1420E-03 | 1433E-03 | 1423E-03
ZiNp | 1416E-03 | 1426E-03 | 1427E-03 | 1423E-03 | 1430E-03 | 1418E-03 | 1382E-03 | 1427E-03 | 1432E-03 | 1438E-03 | 1422E-03 | 1435603 | 1.420E-03
2Py | 1416E-03 | 1427E-03 | 1426E-03 | 1420E-03 | 1420E-03 | 1426E-03 | 1382603 | 1426603 | 1433E-03 | 1437E-03 | 1420E-03 | 1435603 | 1.419E-03
2Py | 1473E03 | 1484E-03 | 1484E-03 | 1477E-03 | 1484E-03 | 1477603 | 1377603 | 1484E03 | 1427E-03 | 1431E-03 | 1476E-03 | 1468E-03 | 1.478E-03
WPy | 1414E-03 | 1425E-03 | 1425E-03 | 1421E-03 | 1428E-03 | 1418E-03 | 1380E-03 | 1424E-03 | 1431E-03 | 1434E-03 | 1420E-03 | 1432E-03 | 1.420E-03
#Py | 1432E-03 | 1443E-03 | 1443E-03 | 1430E-03 | 1446E-03 | 1436E-03 | 1381E-03 | 1445603 | 1431E03 | 1435603 | 1437E-03 | 1445603 | 1.437E-03
2Py | 1416E-03 | 1427E-03 | 1426E-03 | 1422E-03 | 1420E-03 | 1421E-03 | 1382E-03 | 1427E-03 | 1432E-03 | 1437E-03 | 1420E-03 | 1435603 | 1.418E-03
wAm | 1416E-03 | 1427603 | 1427E-03 | 1423E-03 | 1430E-03 | 1420E-03 | 1382E-03 | 1424E-03 | 1433E-03 | 1437E-03 | 1422E-03 | 1435E-03 | 1419E-03
wAm | 1416E-03 | 1427603 | 1427E-03 | 1420E-03 | 1429E-03 | 1424E-03 | 1382E-03 | 1427E-03 | 1433E-03 | 1438E-03 | 1422E-03 | 1435E-03 | 1423E-03
0B | 1416E-03 | 1427E-03 | 1427E-03 | 1423E-03 | 1430E-03 | 1427E-03 | 1382E-03 | 1427E03 | 1432E-03 | 1437E-03 | 1422E-03 | 1435603 | 1.425E-03
ALL | 1535E-03 | 1547E-03 | 1.546E-03 NR. NR. NR. 1379E-03 | 1547E-03 | 1430E-03 | 1434E-03 | 1545E-03 | 1526E-03 | 1544E-03

29100 W/OSN/VAN



143

Table 13. Scattering rate on '°0 in s (sub-phase 1)

case | APOTOD TRC|CPE§L|4 MONPs | scALte | SCALES! | SCALES. voraeeest | yonss | DReSON | Gmvpa SOALER A0S SCALES.|
281G o Ecnzrr“' XS?Q(';PM ggg‘g KEZ“S'géva 238G Cont. Energy |  69G 696 KI;I;;)G-VI 586/19G KEZNS(Q?B'V'
9y 9y

0 | 1921E+00 | 1913E+00 | 1914E+00 | 1912E+00 | 1909E+00 | 1916E+00 | 1909E+00 | 1918E+00 | 1894E+00 | 1896E+00 | 1.916E+00 | 1.814E+00 | 1.916E+00
®Mo | 1919E+00 | 191E+00 | 1912E+00 | 1QME+00 | 1.907E+00 | 1.914E+00 | 1.90BE+00 | 1916E+00 | 1.892E+00 | 1894E+00 | 1915E+00 | 1812E+00 | 1.915E+00
®Tc | 1917E+00 | 191E+00 | 1.910E+00 | 1.909E+00 | 1.904E%00 | 1911E00 | 1.905E+00 | 1913E+00 | 1889E+00 | 1891E+00 | 1912E+00 | 1810E+00 | 1.912E+00
ORu | 1.919E400 | 191E+00 | 19126400 | 1911E+00 | 1907E+00 | 1914E+00 | 1908E+00 | 1O16E+00 | 1892E+00 | 1894E+00 | 1914E+00 | 1812E+00 | 1914E+00
WRNh | 19126400 | 190E+00 | 1905E+00 | 1903E+00 | 1900E00 | 1908E+00 | 1901E+00 | 1909E+00 | 18856400 | 18B7E+00 | 1907E+00 | 180GE*00 | 1907E+00
Ag | 1920E400 | 191E+00 | 1.913E+00 | 191IEF00 | 1.907E+00 | 1915E400 | 1.908E+00 | 1O16E+00 | 1892E+00 | 1894E100 | 1915E400 | 1813E400 | 1914E+00
WCs | 1916E+00 | 191E+00 | 1.009E+00 | 1.907E+00 | 1.903E+00 | 1911E+00 | 1.904E+00 | 1912E+00 | 1888E+00 | 1891E+00 | 1911E+00 | 1809E+00 | 1.910E+00
WNd | 1.914E00 | 191E+00 | 1907E+00 | 1907E+00 | 1902E+00 | 1909E+00 | 1902E+00 | 1O10E+00 | 18B7E+00 | 18B9E+00 | 1909E+00 | 18O7E+00 | 1909E+00
WNd | 1.918E400 | 191E+00 | 1911E+00 | 1906E+00 | 1906E+00 | 1913E+00 | 1907E+00 | 1O15E+00 | 1891E+00 | 1893E+00 | 1914E+00 | 1811E+00 | 1914E+00
WSm | 1920E400 | 191E400 | 1913E+00 | 19QME+00 | 1.908E+00 | 1915E+00 | 1.908E+00 | 1916E400 | 1.893E+00 | 1895E+00 | 1915E400 | 1813E00 | 19156400
WSm | 1914E+00 | 191400 | 1907E+00 | 1905E400 | 1.901E+00 | 190BE¥00 | 1902E+00 | 1910E+00 | 1.886E+00 | 1888E+00 | 1909E00 | 1807E+00 | 1.908E+00
WSm | 1920E+00 | 191E400 | 1913E+00 | 1QME+00 | 1.907E+00 | 1916E+00 | 1.908E+00 | 1O17E+00 | 1.892E+00 | 1894E+00 | 1915E+00 | 1813E+00 | 1.915E+00
©Sm | 19176400 | 191400 | 1910E+00 | 1.909E+00 | 1.905E%00 | 1912E+00 | 1.905E%00 | 19T4E+00 | 1.890E+00 | 1891E+00 | 19126400 | 1810E+00 | 1.913E+00
Sm | 19176400 | 191400 | 1910E+00 | 1909E+00 | 1.905E+00 | 1912E+00 | 1.906E¥00 | 1OME+00 | 1890E+00 | 18926400 | 1912E400 | 1810E400 | 1912E+00
WEu | 1919E400 | 191E+00 | 1.912E+00 | 1910E¥00 | 1.906E+00 | 19T4E00 | 1.907E+00 | 1916E+00 | 1891E+00 | 1893E+00 | 1914E+00 | 1812E+00 | 1914E+00
G0 | 1919E+00 | 191E+00 | 1912400 | 1910E+00 | 1907E+00 | 1914E+00 | 1907E+00 | 1916E+00 | 1892E+00 | 1894E+00 | 1914E+00 | 1812E+00 | 1914E+00
6 | 2420E400 | 241E+00 | 2408E+00 | 2405E+00 | 2403E+00 | 2410E+00 | 2404E+00 | 2410E+00 | 2391E+00 | 2393E+00 | 2410E+00 | 2.295E+00 | 2411E+00
20 | 1914E+00 | 191E+00 | 1.907E+00 | 1.902E¥00 | 1902E+00 | 1910E+00 | 1.903E+00 | 1OT1E00 | 1888E+00 | 1890E+00 | 1910E+00 | 1808E00 | 1.909E+00
ZiNp | 19176400 | 191E+00 | 1910400 | 1909E+00 | 1904E+00 | 1912E+00 | 1905E+00 | 1913E+00 | 18B9E+00 | 1892E+00 | 1912E+00 | 1810E#00 | 1911E+00
Py | 1919E400 | 191E+00 | 1912400 | 1910400 | 1907E+00 | 1914E+00 | 1908E+00 | 1O16E+00 | 1892E+00 | 1894E+00 | 1914E+00 | 1812E+00 | 1914E+00
Z9Py | 1809E00 | 180E+00 | 1803E+00 | 1802400 | 1798E+00 | 1806E+00 | 17976400 | 180GE*00 | 1782400 | 1784E+00 | 1805E+00 | 1706E+00 | 1.80BE*00
2Py | 1878E+00 | 187E+00 | 1871E+00 | 1870E+00 | 1866E*00 | 1874E+00 | 1867400 | 1875E+00 | 1851E+00 | 1853E+00 | 1874E+00 | 1772E+00 | 1874E+00
wpy | 1885E400 | 188E+00 | 1878E+00 | 1877E+00 | 1873E+00 | 18B0E*00 | 1874E+00 | 18BIE+00 | 1858E+00 | 1860E*00 | 18B0E+00 | 1779E+00 | 1879E+00
2Py | 19176400 | 191E+00 | 1910400 | 1909E+00 | 1905E+00 | 1912400 | 1906E+00 | 1914E+00 | 1890E+00 | 1892E+00 | 1912E+00 | 1810E+00 | 1913400
%Am | 1919E400 | 191E+00 | 1.912E+00 | 1910E¥00 | 1.906E+00 | 19T4E+00 | 1.907E+00 | 1916E+00 | 1891E+00 | 1894E+00 | 1914E+00 | 1812E400 | 1.914E+00
2Am | 1919E+00 | 191E+00 | 1.912E+00 | 1.9ME+00 | 1.907E+00 | 1916E+00 | 1908E00 | 1916E+00 | 1892E+00 | 1895E+00 | 1915E400 | 1812E+00 | 1.914E+00
0B | 19156400 | 1.91E+00 | 1908E+00 | 1907E+00 | 1902E+00 | 1910E+00 | 1903E+00 | 1Q1E+00 | 1887E+00 | 1889E+00 | 1.910E+00 | 1.808E+00 | 1.910E+00
ALL | 1851E400 | 184E#00 | 1.845E400 NR. NR. NR. 1840E400 | 1846E+00 | 1825E+00 | 1828E400 | 1848E+00 | 1746E+00 | 1.848E+00
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Figure 6. Relative difference in the absorption rate of the BUC nuclide for cases 1 to 14 of sub-phase 1
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Figure 7. Relative difference in the absorption rate of the BUC nuclide for cases 15 to 27 of sub-phase 1
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Figure 8. Relative difference in the production rate of the BUC nuclide for cases 16 to 27 of sub-phase 1
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Figure 9. Relative difference in the scattering rate of the BUC nuclide for cases 1 to 14 of sub-phase 1
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Figure 10. Relative difference in the scattering rate of the BUC nuclide for cases 15 to 27 of sub-phase 1
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Table 14. Absorption rate on the BUC nuclide in ! (sub-phase 1)

Case AP%Eﬁ02 TRCI;F%LM M%El/;S sc%?m sc%?m scl/m?m DOR'GI'SEEST M%E% DF;’S?EN GMVP-I S(?A'T_'\éléj c Azi:os S(},/ALf_JEEGﬁ
fovr ECont. Cont. | XSDRNPM | NEWT | KENO-Va e Cont Erogy | 208 69G KENO-VI Caone | KENOBVI

nergy Energy 238G 238G 238G 238G 238G
®Mo | 2819E-03 | 2702E-03 | 2.704E-03 | 2693E-03 | 2690E-03 | 2681E-03 | 2689E-03 | 2710E-03 | 2597E-03 | 2588E-03 | 2687E-03 | 2467E-03 | 2.692E-03
9Tc | 6428E-03 | 6431E-03 | 6.466E-03 | 6454E-03 | 6433E-03 | 6.421E-03 | 6427E-03 | 6468E-03 | 6420E-03 | 6.389E-03 | G6.416E-03 | 5.838E-03 | 6.425E-03
Ry | 2304E-03 | 2.245E-03 | 2250E-03 | 2257E-03 | 2253E-03 | 2248E-03 | 2254E-03 | 2250E-03 | 2256E-03 | 2250E-03 | 2251E-03 | 2268E-03 | 2.255E-03
WRh | 1524E-02 | 1524E-02 | 1529E-02 | 1513E-02 | 1515E-02 | 1515E-02 | 1514E-02 | 1541E02 | 1515602 | 1511E-02 | 1513602 | 1464E-02 | 1.512E-02
Ag | 2105E-03 | 2.105E-03 | 2.118E-03 | 2097E-03 | 2096E-03 | 2.004E-03 | 2094E03 | 2120E-03 | 2046E-03 | 2035E-03 | 2094E-03 | 2107E-03 | 2.089E-03
wCs | 8.060E-03 | B.053E-03 | B.080E-03 | 8061E-03 | B.O045E-03 | B.033E-03 | 8035E-03 | 8085E-03 | 7.984E-03 | 7.946E-03 | BO30E-03 | B.020E-03 | 8.029E-03
wNd | 1611E-02 | 1610E-02 | 1.611E-02 | 1602E-02 | 1603E-02 | 1603E-02 | 1604E-02 | 1612E-02 | 1595E-02 | 1593E-02 | 1603E-02 | 1610E-02 | 1.602E-02
UNd | 4334E-03 | 4211E-03 | 4.214E-03 | 4.168E-03 | 4180E-03 | 4.180E-03 | 4.181E-03 | 4232E-03 | 4098E-03 | 4086E-03 | 4179E-03 | 4.243E-03 | 4.178E-03
wiSm | 1569E-03 | 1.563E-03 | 1565E-03 | 1552E-03 | 1552E-03 | 1550E-03 | 1552603 | 1572E-03 | 1544E-03 | 1538E-03 | 1551E-03 | 1548E-03 | 1.549E-03
usSm | 1730E-02 | 1722E-02 | 1725E02 | ATATE02 | 1720E-02 | 1723602 | 173902 | A736E-02 | 1725E-02 | A1729E-02 | 1722E-02 | 1732602 | 1.722E-02
Sm | 2427E-03 | 2431E-03 | 2434E-03 | 2444E-03 | 2439E-03 | 2440E-03 | 2442E-03 | 2436E-03 | 3045E-03 | 3.037E-03 | 2440E-03 | 2463E-03 | 2.439E-03
1Sm | 1025E-02 | 1.028E-02 | 1028602 | 1021E-02 | 1.022E-02 | 1.022E-02 | 1023602 | 1024E-02 | 1.013E-02 | 10ME-02 | 1022E-02 | 1.027E-02 | 1.022E-02
12Sm | 5.744E-03 | 5.733E-03 | 5734E-03 | 5727E-03 | 5720E-03 | 5710E03 | 5712E-03 | 5744E-03 | 5555E-03 | 5526E-03 | 5712E-03 | 5753E-03 | 5.712E-03
WEu | 3930E-03 | 3.904E-03 | 3911E-03 | 3907E-03 | 3909E-03 | 3904E-03 | 3908E-03 | 3960E-03 | 3916E-03 | B3909E-03 | 3907E-03 | B3.949E-03 | 3.902E-03
1Gd | 5.306E-03 | 5.324E03 | 5327E-03 | 5.280E-03 | 5285603 | 5.287E-03 | 5289E-03 | 5200E-03 | 5233E-03 | 5208E-03 | 5287E-03 | 5315E03 | 5287E-03
60 | 4202E-01 | 4.289E-01 | 4206E-01 | 4.268E-01 | 4.272E-01 | 4271E-01 | 4275E-01 4281E-01 | 4255E-01 | 4248E-01 | 4272E01 | 4289E-01 | 4.274E-01
0 | 8.094E-03 | B.137E-03 | 8174E-03 | 8.189E-03 | 8.183E-03 | 8.175E-03 | 8169E-03 | 8.81E-03 | 7.807E-03 | 7.766E-03 | B8A75E-03 | B8.53E-03 | 8.171E-03
ZINp | 7251E-03 | 7253603 | 7.255E-03 | 7.196E-03 | 7.198E-03 | 7A94E-03 | 7.196E-03 | 7.283E-03 | 7.145E-03 | 7.132E-03 | 7.194E-03 | 7248E-03 | 7.194E-03
Py | 3851E-03 | 3.852E-03 | 3.856E-03 | 3832E-03 | 3835E-03 | 3835E-03 | 3.838E-03 | 3849E03 | 3803E-03 | 3799E-03 | 3836E-03 | 3854E-03 | 3.836E-03
9Py | 2288E-01 | 2281E-01 | 2283E-01 | 2275E01 | 2271E-01 | 2272E-01 |  2.274E-01 2094E-01 | 2265E01 | 2257E01 | 2272E01 | 2291E-01 | 2271E-01
20py | 7130E-02 | 7436E-02 | 7.156E-02 | 7.168E-02 | 7.076E-02 | 7.007E-02 | 7.096E-02 | 7214E-02 | 7A19E-02 | 7044E-02 | 7083E-02 | 7.306E-02 | 7.071E-02
Py | 7.658E-02 | 7.634E-02 | 7.641E-02 | 7.602E-02 | 7605E-02 | 7.603E-02 | 7.613E-02 | 7670E02 | 7605E-02 | 7504E-02 | 7605E-02 | 7660E-02 | 7.607E-02
22y | 5.066E-03 | 5.070E-03 | 5.077E-03 | 5061E-03 | 5.062E-03 | 5056E-03 | 5.049E-03 | 5145603 | 4925E-03 | 4912E-03 | 5OSOE-03 | 5084E-03 | 5.044E-03
#Am | 4450E-03 | 4436E-03 | 4442E-03 | 4A20E-03 | 4420E-03 | 4416E-03 | 4423E03 | 4468E-03 | 4390E-03 | 43B1E-03 | A419E-03 | 4455E-03 | 4.420E-03
2Am | 2285E-03 | 2288E-03 | 2.287E-03 | 2250E-03 | 2263E-03 | 2.259E-03 | 2261E-03 | 2307E-03 | 2280E-03 | 2276E-03 | 2258E-03 | 2.288E-03 | 2.259E-03
0B | 1418E-02 | 1417602 | 1418E-02 | 1411E-02 | 1413602 | 1412E-02 | 1414E-02 | 1420E-02 | 1406E-02 | 1405602 | 1412E-02 | 1420602 | 1412E-02

ALL | 5223E-01 | 5217E-01 | 5221E-01 NR. NR. NR. 5.203E-01 523601 | 5A73E-01 | 5162E-01 | 5194E-01 | 5.228E-01 NR.
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Table 15. Production rate on the BUC nuclide in s™ (sub-phase 1)

CEA | rpiolis | monPs | SCALES1 | SCALbet | SCALEG GRS RS oracoNSsF | ouvedl | soaes | P SCALEG
Case | APOLLOZ |~ con. Cont | XSDRNPM | NEWT | KENowa | DORTOREST | MCNPS 696 696 | KENovI | CASMOS | ienos
2816 Energy | Energy 238G 238G 238G 2386 Cont. Energy 2386 | 86/19C 238G
z | 8820E01 | B814E-01 | B.828E-01 | 8770E-01 | 8779E-01 | 8778E01 | 8784E-01 | B797E-01 | GB740E01 | 8.726E-01 | B.779E-01 | 8.814E-01 | 8783E-01
zl | 8.759E-04 | B827E-04 | BB3TE-04 | B8BO3E-04 | BBOSE-04 | 8844E-04 | B6BIE-04 | BBIOE-04 | B542E-04 | B554E-04 | B.8A2E-04 | 8.782E-04 | B.841E-04
ZINp | 2741E-04 | 2.765E-04 | 2.765E-04 | 2753E-04 | 2.743E-04 | 2765E-04 | 2706E-04 | 2766E-04 | 2.761E-04 | 2772E-04 | 2.767E-04 | 2752E-04 | 2.763E-04
2Py | 5940E-04 | 5.956E-04 | 5.942E-04 | G.007E-04 | 6.004E-04 | GO18E-04 | 5989E-04 | 5936E-04 | 5887E-04 | 5.889E-04 | 6.018E-04 | 5950E-04 | 6.018E-04
2Py | 4340E-01 | 4339E-01 | 4342E-01 | 4324E-01 | 4318E01 | 4321E-01 | 4324E-01 | 4358E-01 | 4306E-01 | 4.204E-01 | 4320E-01 | 4.364E-01 | 4.318E-01
Py | 1134E-03 | 1141E-03 | 1.142E-03 | 1.138E-03 | 1135603 | 1.144E-03 | 1120E-03 | 1142E-03 | 1A37E-03 | 1.141E-03 | 1144E-03 | 1.130E-03 | 1.143E-03
20Py | 1662E-01 | 1.656E-01 | 1658E-01 | 1649E-01 | 1650E-01 | 1650E-01 1.652E-01 1.664E-01 1652E01 | 1650E-01 | 1.650E-01 | 1662E-01 | 1651E-01
Py | 2193E-04 | 2210E-04 | 2211E-04 | 2199E-04 | 2193E-04 | 2210E-04 | 2162E-04 | 2212E04 | 2211E-04 | 2219E-04 | 2.210E-04 | 2.200E-04 | 2.209E-04
2Am | 1326E-04 | 1328E-04 | 1329E-04 | 1323E-04 | 1320E-04 | 1324E-04 | 1313E-04 | 1334E-04 | 1319E-04 | 1320E-04 | 1325604 | 1327E-04 | 1.325E-04
2Am | 6.289E-05 | 6.332E-05 | 6.334E-05 | 6300E-05 | 6.291E-05 | 6330E-05 | 6.197E-05 | G6.342E-05 | 6.346E-05 | 6.366E-05 | 6.329E-05 | 6.304E-05 | 6.328E-05
ALL | 6.609E-01 | 6.508E-01 | 6.600E-01 NR NR NR 6580E-01 | G605E-01 | G6576E01 | 6573E-01 | 6.571E-01 | 6.614E-01 NR.
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Table 16. Scattering rate on the BUC nuclide in s™ (sub-phase 1)

CEA EMS EMS EMS ORNL VUJE
oo | apclice | TREOLE | yoyps | SO | SCALST | SCEE! | pomroresr | s |DRACONOSF| GIEAL | SCEE | cuguos | SO
281G Energy Cont. Energy 238G 238G 238G 238G Cont. Energy 238G 586/19G 238G
%Mo 6.388E-03 | 6.218E-03 | 6.247E-03 | 6.226E-03 | 6.211E-03 | 6.220E-03 6.209E-03 6.260E-03 4.988E-03 4.985E-03 6.227E-03 5.167E-03 6.232E-03
%Tc 4.480E-03 | 4.465E-03 | 4.478E-03 | 4.465E-03 | 4.453E-03 | 4.471E-03 4.452E-03 4.484E-03 3.762E-03 3.764E-03 4 472E-03 3.780E-03 4 472E-03
101Ru 4154E-03 | 4.118E-03 | 4.131E-03 | 4.124E-03 | 4.115E-03 | 4.131E-03 4.114E-03 4.136E-03 3.424E-03 3.428E-03 4.130E-03 3.438E-03 4.130E-03
103Rh 2.292E-03 | 2.296E-03 | 2.297E-03 | 2.291E-03 | 2.286E-03 | 2.296E-03 2.285E-03 2.301E-03 1.892E-03 1.893E-03 2.296E-03 1.733E-03 2.296E-03
109Ag 4.283E-04 | 4.287E-04 | 4.300E-04 | 4.280E-04 | 4.272E-04 | 4.282E-04 4.267E-04 4.302E-04 3.502E-04 3.496E-04 4.282E-04 3.556E-04 4.276E-04
8BCs 4509E-03 | 4.517E-03 | 4.520E-03 | 4.514E-03 | 4.504E-03 | 4.520E-03 4.495E-03 4.524E-03 3.450E-03 3.450E-03 4.519E-03 3.475E-03 4.518E-03
143Nd 1.472E-02 | 1.490E-02 | 1.491E-02 | 1.497E-02 | 1.496E-02 | 1.495E-02 1.495E-02 1.496E-02 1.396E-02 1.396E-02 1.496E-02 1.422E-02 1.495E-02
145Nd 8.526E-03 | 8.106E-03 | 8.113E-03 | 8.107E-03 | 8.115E-03 | 8.120E-03 8.108E-03 8.128E-03 7.608E-03 7.594E-03 8.121E-03 7.905E-03 8.110E-03
147Sm 1.521E-03 | 1.500E-03 | 1.501E-03 | 1.502E-03 | 1.501E-03 | 1.502E-03 1.500E-03 1.501E-03 1.428E-03 1.424E-03 1.501E-03 1.439E-03 1.500E-03
149Sm 1.641E-04 | 1.637E-04 | 1.640E-04 | 1.636E-04 | 1.640E-04 | 1.640E-04 1.656E-04 1.653E-04 1.603E-04 1.606E-04 1.639E-04 1.605E-04 1.640E-04
150Sm 3.145E-03 | 3.117E-03 | 3.124E-03 | 3.142E-03 | 3.136E-03 | 3.140E-03 3.135E-03 3.130E-03 3.409E-03 3.403E-03 3.140E-03 2.946E-03 3.139E-03
51Sm 1.516E-04 | 1.514E-04 | 1.516E-04 | 1.514E-04 | 1.512E-04 | 1.513E-04 1.511E-04 1.517E-04 1.412E-04 1.411E-04 1.513E-04 1.406E-04 1.513E-04
152Sm 9.189E-03 | 9.149E-03 | 9.152E-03 | 9.163E-03 | 9.142E-03 | 9.121E-03 9.123E-03 9.168E-03 8.511E-03 8.454E-03 9.127E-03 9.035E-03 9.128E-03
183y 5.630E-04 | 5.610E-04 | 5.620E-04 | 5.656E-04 | 5.645E-04 | 5.659E-04 5.637E-04 5.638E-04 5.022E-04 5.020E-04 5.658E-04 5.041E-04 5.659E-04
185Gd 1.658E-05 | 1.656E-05 | 1.657E-05 | 1.649E-05 | 1.649E-05 | 1.652E-05 1.647E-05 1.658E-05 1.521E-05 1.521E-05 1.652E-05 1.543E-05 1.652E-05
235 2.889E-02 | 2.879E-02 | 2.882E-02 | 2.872E-02 | 2.872E-02 | 2.876E-02 2.871E-02 2.884E-02 2.631E-02 2.632E-02 2.876E-02 2.643E-02 2.877E-02
236 1.468E-02 | 1.465E-02 | 1.466E-02 | 1.463E-02 | 1.463E-02 | 1.466E-02 1.462E-02 1.468E-02 1.298E-02 1.298E-02 1.467E-02 1.347E-02 1.466E-02
2Np 1.888E-03 | 1.885E-03 | 1.886E-03 | 1.883E-03 | 1.880E-03 | 1.884E-03 1.879E-03 1.890E-03 1.674E-03 1.674E-03 1.884E-03 1.681E-03 1.884E-03
238Py 8.965E-04 | 8.921E-04 | 8.938E-04 | 8.909E-04 | 8.903E-04 | 8.914E-04 8.900E-04 8.960E-04 8.025E-04 8.022E-04 8.914E-04 8.080E-04 8.915E-04
9Py 1.464E-02 | 1.465E-02 | 1.466E-02 | 1.462E-02 | 1.460E-02 | 1.464E-02 1.457E-02 1.468E-02 1.223E-02 1.223E-02 1.463E-02 1.259E-02 1.464E-02
20Py 1.048E-02 | 1.053E-02 | 1.055E-02 | 1.060E-02 | 1.050E-02 | 1.054E-02 1.051E-02 1.060E-02 9.224E-03 9.159E-03 1.053E-02 1.008E-02 1.052E-02
241Py 3.980E-03 | 3.975E-03 | 3.976E-03 | 3.970E-03 | 3.964E-03 | 3.971E-03 3.961E-03 3.983E-03 3.415E-03 3.415E-03 3.969E-03 3.431E-03 3.968E-03
242Py 2429E-03 | 2.415E-03 | 2.420E-03 | 2.414E-03 | 2.410E-03 | 2.414E-03 2.409E-03 2.428E-03 2.245E-03 2.243E-03 2.414E-03 2.211E-03 2.413E-03
241Am 3.209E-04 | 3.203E-04 | 3.206E-04 | 3.200E-04 | 3.195E-04 | 3.204E-04 3.194E-04 3.212E-04 2.788E-04 2.789E-04 3.204E-04 2.717E-04 3.204E-04
243Am 4.295E-04 | 4.290E-04 | 4.293E-04 | 4.278E-04 | 4.273E-04 | 4.284E-04 4.271E-04 4.303E-04 3.770E-04 3.770E-04 4.284E-04 3.44TE-04 4.281E-04
108 7.643E-05 | 7.642E-05 | 7.645E-05 | 7.613E-05 | 7.592E-05 | 7.630E-05 7.597E-05 7.657E-05 6.892E-05 6.902E-05 7.629E-05 6.917E-05 7.629E-05
ALL 1.076E-01 | 1.073E-01 | 1.074E-01 N.R. N.R. N.R. 1.070E-01 1.075E-01 9.413E-02 9.399E-02 1.073E-01 9.686E-02 N.R.
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3.1.4 Reactivity worth
3.1.4.1 Eigen-value difference method

Reactivity worths due to the addition of BUC nuclides in the fuel were calculated for cases 1 to
27, with the standard eigen-value difference method, defined as follows:

ko — ky
o0 =Tk

k; and k, are the effective multiplication factors for respectively case 0 and case i (with i
ranging from 1 to 27).

Comparisons are illustrated in Figures 11 and 12, while the calculated values are reported
in Table 17.

Calculations show very similar trends compared with the analysis of BUC nuclide
absorption rates. Indeed, the reactivity worth due to the addition of a purely neutron absorber
can be written as:

6,0 — Za1¢1 _ Za2¢2
Vg, Va9,

with %, the absorption cross-section, v.2;the production cross-section.

Assuming that the change in the neutron flux between case 1 and 2 is small, the equation
can be simplified in:

o(vZ) _ 8(2)
1 vy 2a1
Sp=——2- 4
S )
VZ}Cl

1+

where 0%, and ov2; stand for the modification of the absorption and production cross-
section due to the addition of the BUC nuclide.

As a consequence, most of the errors already observed on the calculation of reaction rates
are repeated on the calculation of the reactivity worth. Like previously, the main reason of the
difference comes from the treatment of self-shielding effects, or from the substitution of one
evaluation from ENDF/B-VII by JEFF-3.1.1 (*Tc for instance in CASMOS5 calculations). This
can be seen on EMS calculations, where the differences do not depend on the kind of solver
which is used for flux calculation XSDRNMP, NEWT or KENO-Va. Some SCALE6
calculations show significant inconsistencies, especially between ORNL and VUIJE, in spite of
the same number of energy groups and the same kind of solver. Most of these differences can
be explained by the limitations in the statistical convergence of KENO-VI calculations, which
was not represented here to avoid too much information on the figures. The results presented
in the tables show that the uncertainty of VUJE calculations, mostly around 22 pcm, is higher
than most of the differences comparing reactivity worth obtained by ORNL -calculations,
where the statistical convergence is around 7 pcm.
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Figure 11. Relative difference in the reactivity worth calculated by the eigen-value difference
method for cases 1 to 14 of sub-phase 1

Reactivity Variation (Eigen Value Difference Method)
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Figure 12. Relative difference in the reactivity worth calculated by the eigen-value difference
method for cases 15 to 27 of sub-phase 1
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Table 17. Reactivity worth by the eigen-value difference method in pcm (sub-phase 1)

EMS EMS EMS GRS ORNL VUJE
Case | APOLLO2 | TRIPOLW | wowps | SCALES! | SCALEGH | SCALEG! | DORTO | yalpr | Pfl | GMVR | SCALES1 | gqos | SCALES
281G Cont. Energy | Cont. Energy 238G 238G 238G 238G Cont. Energy 69G 238G 586/19G 238G
%Mo 2174 -2186(1.7) -215.2(0.5) 2182 217 215.9(4.4) 216.7 217.4(7.3) 2114 -208.3(1.4) -2236(7.3) 195 -226.0(21.8)
sTc 517.8 519.5(1.7) -520.6(0.5) 525.7 519.8 522.3(4.5) 519.7 523.5(7.4) 516.5 512.3(1.4) 521.4(7.3) 474 507.0(21.9)
101Ry 1796 A75.1(1.7) 1722(0.5) 1746 1732 1687(44) | -1733 -180.6(7.3) A774 1747(1.3) -167.8(7.3) -176 -183.0(21.4)
RN | 13416 | -1342.0(17) | -1343.1(05) -1348.7 13443 | -1337.045) | -1345 -1362.0(7.4) -1357.1 -1354.9(1.4) -1346.5(7.5) 1287 -1354.0(22.1)
109g 1716 A745(1.7) 1722(05) 1735 1724 172.9(4.4) 72 170.2(7.3) -164.4 -161.4(1.4) 172.1(7.3) 71 -176.0(22.9)
183Cs -642.1 -645.0(1.7) -644.3(0.5) -654.3 -648.2 -647.8(4.5) 6475 645.7(7.4) 645 640.4(1.4) -640.9(7.4) 641 -671.0(21.9)
143Nd -1438.8 -1439.7(1.7) -1434.2(0.5) -1443.2 -1440.5 -1440.9(4.5) -1443 -1444.0(7.4) -1449.9 -1450.7(1.4) -1431.8(7.4) -1435 -1447.0(24.1)
1sNg -359.1 -354.3(1.7) -352.5(0.5) -354.2 -352.7 -3466(44) | -3526 -360.5(7.3) -346.8 -342.0(1.3) -354.8(7.3) -354 -359.0(21.5)
Wsm | 1267 A31.1(1.7) -126.6(0.5) 1268 1263 130.0(44) | -1263 133.9(7.3) 12538 1245(1.4) 126.7(7.3) 123 -147.0(24.9)
1438m -1552.6 -1548.1(1.7) -1546.0(0.5) -1560.4 -1559.7 -1558.2(4.5) -1559 -1565.0(7.5) -1575.7 -1578.8(1.4) -1563.6(7.5) -1555 -1559.0(22.6)
1508m -190.7 192.3(1.7) -188.8(0.5) 1924 1915 -190.7(4.4) 1915 -196.7(7.3) -259.1 -257.5(1.3) -193.0(7.3) -209 -207.0(22.2)
1519m 9144 917.6(1.7) -916.3(0.5) 9209 919.3 -919.9(4.5) 921 -906.2(7.4) 919.3 -918.8(1.4) -916.7(7.4) 915 -938.0(22.8)
52Sm | -45138 -454.0(1.7) -452.6(0.5) 461 -456.7 4546(44) | -4565 -458.1(7.3) -4826 475.3(1.4) 452.4(7.4) 453 -482.0(23.0)
183y -3315 -331.1(1.7) -329.6(0.5) -3325 -3313 -330.3(44) | -3314 -335.5(7.3) -3346 -333.4(1.3) -319.6(7.3) -333 -362.0(21.5)
155G 4727 476.2(1.7) 4735(0.5) 4758 4748 473.1(4.5) 4758 475.3(7.3) 474 474.1(1.3) 470.0(7.4) 473 -496.0(22.6)
25 -32755.8 -32783.7(2.5) | -32663.3(0.8) -32913.8 -32869.1 -32853.9(6.4) -32940 -32670.0(9.6) -32906 -32967.0(2.1) -32852.3(10.6) -32825 -32852.0(27.8)
236 -605.4 -611.4(1.7) -612.3(0.5) 625 619 617.0(4.5) 6186 618.9(7.4) 563.3 557.7(1.4) -607.0(7.4) 609 -639.0(21.9)
2Np -602.2 -605.5(1.7) -601.8(0.5) -604.3 602 596.3(45) | -602.38 -604.2(7.4) -602.2 -600.2(1.4) -600.0(7.4) 602 -625.0(22.7)
28py -306.7 -309.2(1.7) -306.7(0.5) -308.3 -307.6 -306.7(4.4) -308 -309.4(7.3) -3075 -306.9(1.3) -307.3(7.3) -306 -328.0(22.6)
259py 25934 2599.6(1.6) 2586.2(0.5) 2596.3 2606.1 2605.0(4.3) 2574 2589.0(7.0) 25753 2598.6(1.3) 2613.9(7.0) 2632 2572.0(21.0)
20py -6651.7 -6652.6(1.9) -6667.6(0.6) 67911 -6651.7 -6663.2(4.8) -6681 -6740.0(8.4) -6769.8 -6688.0(2.0) -6667.6(8.0) -6840 -6681.0(25.4)
21py 1897.7 1888.8(1.7) | 1889.0(0.5) 1903.2 1902.2 1900.2(4.3) 1901 1881.0(7.1) 19275 1935.8(1.3) 1907.0(7.1) 1901 1882.0(21.2)
22py -419.1 -420.8(1.7) -419.2(0.5) 425 4225 424.6(4.4) 422 4262(7.3) 4146 4136(1.3) 414.9(7.3) 421 -437.0(21.9)
#Am | -380.3 -3815(1.7) -379.6(0.5) -382.2 -381 -379.8(4.4) | -381.1 -384.5(7.3) -381.2 -3815(1.3) -387.3(7.3) -380 -370.0(22.6)
2437m -189.1 192.4(1.7) -188.8(0.5) -189.3 -188.8 -190.2(4.4) -188.9 -195.6(7.3) 1921 -189.1(1.4) -192.8(7.4) -189 -170.0(21.8)
8 -1263.9 -1264.4(1.7) -1262.4(0.5) -12711.7 -1269.5 -1264.1(4.5) -12711 -1268.0(7.4) -1274.1 -1272.1(1.4) -1269.6(7.4) -1264 -1279.0(22.1)
ALL -24485.3 -24500.5(2.3) | -24532.9(0.7) NR. NR. N.R. -24790 -24590.0(10.3) -24494 -24387.0(2.5) -24571.8(9.6) -24545 -24589.0(28.7)
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3.1.4.2 Perturbation method

Following the calculations based on the eigen value difference method, participants were asked
to use perturbation capabilities of their code to evaluate the reactivity worth due to the addition
of BUC nuclides in the fuel. Different methods have been employed:

e SCALES® use a formulation of the reactivity worth based on the first order perturbation
theory;

e APOLLO2, GMVP-II and DRAGON3 use a formulation of the reactivity worth based
on the exact perturbation theory;

e MCNPS5 use the same capability but with a different method called “Differential
operator method” which is based on a second order Taylor expansion.

Comparisons are illustrated in Figures 13 and 14, while the calculated values are reported
in Table 18. It should be noted that TRIPOLI4 eigen value difference method remains the
reference for the comparison of perturbation method.

Calculations based on the first order perturbation theory by EMS are less consistent with
TRIPOLI4 calculations, compared with the eigen value difference method. The difference is
larger than 3% for a number of isotopes like Mo, *Tc, "“’Sm, '**Sm. This is especially true
for fissile isotopes like **’Pu and **°Pu where the neutron flux cannot be assumed unchanged
with the addition of the BUC nuclide in the fuel. In such cases the difference can reach 30%
which exclude the possibility of using this method for accurate calculations of reactivity worth.
For GRS calculations based on MCNP5, fairly good results are observed for fission products
which are pure neutron absorbers, with an agreement better than 2%. For fissiles and fertile
nuclides, large errors are observed especially for *°U, *°Pu and ***Pu where it is larger than
10%. Results for ***U were not provided as the flux variation is so huge that the perturbation
method is clearly out of the validation range. GMVP-II and DRAGON3 calculations are
globally in the same agreement with TRIPOLI4 than the eigen value difference method, which
clearly indicates that the exact perturbation method is required when calculating the reactivity
worth of individual BUC nuclides. Most of the remaining errors, especially on '“Ag, '“Sm,
19Sm, »°U, were already observed before and can be explained by the low number of energy
groups which were used in the calculations. Concerning APOLLO2 calculations, they also
agree within 1% with TRIPOLI4, with the exception of '“’'Ru and '*Nd where a slight
overprediction is still observed, due to the lack of self-shielding below 22 eV.
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Figure 13. Relative difference in the reactivity worth calculated by
the perturbation method for cases 1 to 14 of sub-phase 1

Reactivity Variation (Perturbation Theory Method)
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Figure 14. Relative difference in the reactivity worth calculated by
the perturbation method for cases 15 to 27 of sub-phase 1
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Table 18. Reactivity worth by the perturbation method in pcm (sub-phase 1)

case | apoitoz ScAleed | scAlbsi | scalted \ons | DRAGONSOS | Gyypy
281G X po en | Cont Energy 696 696
Mo 2171 2012 2004 2003 2133 2112 2103
T 5186 4838 4859 4844 5173 5171 5131
Ry 1796 722 A716 1708 AT18 774 1768
oRh | 13413 13129 13004 13105 1349 13567 1354
Ag AT 4701 1693 1687 723 1647 1633
s 6432 6327 6287 6261 638.4 6457 641
wNg | 14378 14366 14352 4315 1437 4487 14496
N 3591 3471 3464 3455 3543 347 3457
wsm | 267 1256 1253 1252 1272 1259 1253
wsm | 15526 1548 1 1549 1547 1 1555 15749 15805
wsm | 1926 2086 2083 2079 191 2592 258.4
wSm | 9136 9169 9157 9139 9114 9183 9179
wsm | 4534 4052 4031 4011 4467 4846 4803
wEy 3315 3308 3303 3288 3334 3345 3339
%G 4723 4739 4735 4756 4702 4735 4739
my | 327624 31807 31758 31626 NR. 32919 32971
= 606.7 4774 474 4727 554.9 564.3 558.6
ZNp | 6021 6014 6003 5797 6032 602 6009
2y 3065 3073 307 3071 3053 3072 3072
=Py | 26066 17849 17981 18517 2324 25914 26098
wpy | 66498 45974 46169 45341 5024 6766.9 6690.2
24Py 19008 1687 1 1687.7 1673.3 1879 19317 1937.4
2y 4191 3633 3613 3609 4101 4146 4133
wam | 3802 3813 3805 3808 3814 3811 3805
wAm | 1891 1867 1864 1861 1899 1921 1916
08 12631 12688 12677 12629 1263 12732 12739
AL | 244908 NR. NR. NR. NR. 24504 24304

3.1.4.3 Individual components

Participants who provided reactivity worth results based on perturbation calculations were also
asked to give the individual components on the reactivity worth. Specifications of the
benchmark were adapted to the calculation code capabilities but additional contributions
provided a different definition for the components.

In the official file which was distributed in December 2012, after a first review by the
EGBUC participants, the absorption (capture+fission), production (nu x fission), scattering and
leakage effect contributions were asked to the participants. Calculations performed by EMS,
using perturbation capabilities in SCALE6, could only provide components due to capture
(absorption term), fission (including a production term and an absorption term) and scattering
cross-sections.

In order to be able to compare results, CEA performed the two kinds of calculations. The
first one reports capture and fission components to be compared with DRAGON3 and GMVP.
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The second one reports absorption and production components to be compared with SCALE6
calculations by EMS and MCNPS5 calculation by GRS.

Comparisons are illustrated in Figures 15 and 16 for the cases of U, **’Pu and **'Pu
where significant absorption and production effects occur. The complete list of provided
results is given in Tables 19 and 20.

Comparisons between APOLLO2, GMVP-II and DRAGON3 calculations, which all use
an exact perturbation formulation, show an excellent agreement with less than 1% difference
on individual contributions due to absorption and production. This means that despite the low
number of groups used in both GMVP-II and DRAGONS3 calculations, the adjoint flux
calculation is accurate to evaluate the individual components of the reactivity effect, both in
GMVP-II and DRAGON3 calculations.

Comparisons between CEA, EMS and GRS calculations, projected on capture and fission
components show an excellent agreement between APOLLO2 and SCALES6. Individual
components do not depend significantly on the kind of solver used in SCALE6, XSDRNMP,
NEWT and KENO-Va being in an around 2% agreement with APOLLO2. The difference with
GRS calculations based on MCNP5 is much higher, with individual contributions lower by 4
to 10%. Moreover, one should notice that the sum of capture, fission and scattering
components does not equal the total reactivity worth, unlike CEA and EMS calculations where
the sum is exactly 1. This remark confirms the inability of MCNPS5 calculations to provide
accurate prediction of both the total reactivity worth just like individual components.
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Table 19. Components of the reactivity worth due to absorption, production and
scattering in percent of the total reactivity worth (sub-phase 1)

Absorption / Total Production / Total Scattering / Total
case | AT 02 DRA%(Q)g305F Gl\élglg-ll oo DRA%(Q)g305F Gl\élglg-ll A DRA(;;)(I;IS%F Gl\élglg-ll
2816 2816 281G

®Mo | 99318 99.867 99.862 002 019 0.1% 08 0.329 0335
WTc | 99.93 100048 | 100045 | -0.003 018 018 0.004 0.132 0135
Ry | 99.341 99.763 99757 | -0006 0122 0122 0.393 0.358 0.364
wRh | 100.015 99978 99.97 20,001 0002 0002 0.031 0.027 0.028
wAg | 100104 | 100464 | 100159 | -0003 0192 0193 0.016 0.031 0032
wCs | 9984 100057 | 100056 | -0.005 0167 0167 0.085 011 0112
wNd | 99.985 99.972 99972 | -0004 0011 0011 0.048 0.036 0036
uNd | 99.83 100055 | 100049 | -0.012 019 019 0.232 0.144 0.147
wSm | 99.599 100103 | 100404 | -0.03 016 016 0012 0.058 0.059
usSm | 100.052 100 100 0 20,001 20,001 0 0 0
wSm | 101.93 100.05 100046 | -0.006 0148 0147 1797 0.101 0103
51Sm | 100.01 100003 | 100003 0 0005 20005 20,001 0.001 0001
w2Sm | 98.397 100454 | 100454 | -0.001 0485 0487 1197 0.03 0031
WEy | 100025 | 100018 | 100018 | -0005 0038 0038 0013 0.019 002
wGd | 100.004 100 100 0 0 0 0.001 0 0
20 | 431057 | 131392 | 43127 | 231415 | 231401 | 231279 | -0.008 20008 0008
20 | 107049 | 108051 | 108154 | -7.584 8297 8404 0.244 0.245 025
ZNp | 102409 10246 102478 | -2.391 2481 25 0.023 0.021 0021
2Py | 110001 | 110461 | 110478 | -10093 1017 10187 | 0011 0.009 0.009
2Py | 1049964 | 1062322 | -105123 | 1150409 | 1162383 | 1151276 | -0.066 0053 0054
2py | 101101 | 101054 | 101069 | -1083 41,061 1076 0.004 0.007 0.007
wpy | 385015 | -382228 | -380.835 | 485.08 482249 | 480861 | -0.024 0022 0022
wpy | 102747 | 102805 | 102829 | 2739 2841 2865 0.049 0.036 0036
#Am | 101858 | 101842 10185 183 1848 1854 0.006 0.005 0.005
wAm | 101764 | 101755 | 101769 | -1.735 4771 1784 0.016 0.015 0015

©B | 100026 | 100008 | 100008 0 20005 20005 0.001 0 0
ALL | 38897 39275 38635 | 61097 60.713 61.355 0.023 001 001
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Table 20. Components of the reactivity worth due to capture, fission and scattering in percents of the total reactivity worth (sub-phase 1)

Capture / Total Fission / Total Scattering / Total
CEA EMS EMS EMS GRS CEA EMS EMS EMS GRS CEA EMS EMS EMS GRS
Case | APOLLOZ SCALE6.1 | SCALE6.1 | SCALE6.1 | MCNP5 APOLLO2 SCALE6.1 | SCALE6.1 | SCALE6.1 | MCNP5 APOLLO2 SCALE6.1 | SCALE6.1 | SCALE6.1 | MCNP5
281G XSDRNPM NEWT KENO-Va Cont. 281G XSDRNPM NEWT KENO-Va Cont. 281G XSDRNPM NEWT KENO-Va Cont.
238G 238G 238G Energy 238G 238G 238G Energy 238G 238G 238G Energy
%Mo 99.306 102.629 102.395 102.396 100.469 -0.008 0 0 0 0 0.8 -2.405 -2.395 -2.396 -3.155
%Tc 99.932 99.959 99.946 99.963 99.884 -0.001 0 0 0 0 0.094 0.042 0.054 0.039 0
101Ruy 99.338 99.385 99.365 99.356 99.36 -0.002 0 0 0 0 0.393 0.619 0.636 0.643 0.301
103Rh 100.015 99.962 99.962 99.962 99.926 0 0 0 0 0 0.031 0.039 -0.039 -0.039 0
109Ag 100.102 100.024 100.024 100.018 100 -0.001 0 0 0 0 0.016 -0.022 0.021 -0.023 0
133Cs 99.838 99.776 99.769 99.773 99.922 -0.002 0 0 0 0 0.085 0.224 0.23 0.227 -0.082
143Nd 99.982 100.153 100.167 100.182 99.791 -0.002 0 0 0 0 0.048 -0.154 -0.166 -0.181 0.073
145Nd 99.823 100.458 100.45 100.501 99.407 -0.005 0 0 0 0 0.232 -0.459 045 0.5 -0.293
147Sm 99.583 99.984 99.976 99.968 99.607 -0.014 0 0 0 0 0.012 0.016 0.026 0.033 0
1498m 100.052 99.994 100 100.013 100 0 0 0 0 0 0 0.001 0.001 0 0
150Sm 101.926 97.588 97.47 97.571 101.885 -0.002 0 0 0 0 -1.797 2.416 253 2426 -1.897
151Sm 100.01 99.999 99.998 99.998 100 0 0 0 0 0 -0.001 0.002 0.002 0.002 0
1528m 98.396 104.655 104.503 104.456 99.306 -0.001 0 0 0 0 1.197 -4.655 -4.502 -4.454 -1.279
153Ey 100.023 99.979 99.979 99.976 99.85 -0.002 0 0 0 0 0.013 0.02 0.023 0.022 0
155Gd 100.004 100 99.998 99.998 100 0 0 0 0 0 0.001 -0.001 0.001 0.001 0
5y -20.325 3.65 3.626 3.586 - 120.383 96.34 96.363 96.402 - -0.008 0.011 0.012 0.013 -
26y 102.889 107.015 107.011 107.051 104.307 -3.424 48 -4.819 -4.85 -4.033 0.244 2.216 2193 2.202 -1.407
Z7Np 101.287 101.235 101.229 104.39 101.293 -1.27 -1.296 -1.292 -1.348 -1.294 0.023 0.06 0.061 0.064 0
8Py 104.817 104.858 104.846 104.858 104.913 -4.819 -4.932 -4.922 -4.929 -4.753 0.011 0.073 0.074 0.073 0.17
29Py -354.24 -362.631 -358.006 -346.611 -319.535 454.386 462.771 458.145 446.746 436.747 -0.066 -0.136 0.138 -0.136 -0.043
40Py 100.666 101.353 101.163 101.217 101.234 0.618 -0.922 -0.909 -0.934 -0.764 0.004 043 -0.254 -0.284 -0.359
1Py -101.83 -102.632 -101.345 -102.373 -95.796 201.895 2016 201.381 202.408 197.765 -0.024 -0.036 -0.037 -0.037 0
2Py 101.543 102.45 102.452 102.463 101.78 -1.534 -1.803 -1.803 -1.82 -1.519 0.049 -0.647 -0.647 -0.644 -0.506
241Am 100.979 100.947 100.946 100.945 100.944 -0.951 -0.959 -0.959 -0.959 -0.952 0.006 0.014 0.014 0.013 0
43Am 101.074 101.044 101.035 101.048 101.369 -1.045 -1.077 -1.074 -1.081 -1.09 0.016 0.034 0.036 0.036 0.273
108 100.026 100 100 100 100 0 0 0 0 0 0.001 0.002 0.002 0.002 0
ALL 87.31 - - - - 12.684 - - - - 0.023 - - - -
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3.2 Sub-phase 2 results

The calculation results for sub-phase 2 and their analysis are presented in Sections 3.2.1 to
324

3.2.1 Effective multiplication factor

Calculations of the k. are presented in Figures 17 and 18. Corresponding values are given in
Table 21.

The same trends than in sub-phase 1 are observed in sub-phase 2. Differences mainly
depend on the code system and not on the case number. CASMOS5 and APOLLO?2 calculations
are in the best agreement with TRIPOLI4, just like MCNPS5 from GRS and CEA. SCALE6
calculations by EMS, ORNL and VUJE agree in the underestimation of the k.sby 600 to 800
pcm. Cases 28 and 29, which were not in sub-phase 1, show similar results as cases 0 to 27.

The only difference concerns the calculation of case 28 where EMS calculations are
underestimated by 900 pcm, corresponding to an increase of 300 pcm compared to other cases.
The same is observed for calculations using CASMOS, SCALE6, DRAGON3 and GMVP-II

with an increase of the underestimation by 300 to 1000 pcm.

Figure 17. Absolute difference in the effective multiplication factor k. for cases 0 to 14 of sub-phase 2
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Figure 18. Absolute difference in the effective multiplication factor k. for cases 15 to 29 of sub-phase 2
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3.2.2 Neutron flux

Comparisons of the integrated neutron flux over the central fuel cell are illustrated in Figures
19 and 20, and calculation results are reported in Table 22.

All of them succeed in the calculation of this parameter within less than 1%, except for
case 27, 28 and 29.

In case 27, where all BUC nuclides have been added to the central fuel cell, calculations
using SCALE6 and GMVP-II are a bit more discrepant compared with TRIPOLI4, although
they stay below 3%, though. Much more discrepant results are observed for case 28 and 29
where GRS calculations differ by more than 50% compared with TRIPOLI4. A large
disagreement is also observed for GMVP-II and DRAGON3 calculations but only for the case
corresponding to the substitution of UO, by air (case 28). Other calculation codes all agree
within 2% compared with TRIPOLI4.
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Table 21. k.« calculations (sub-phase 2)

CEA CEA CEA EMS EMS GRS GRS DRAGON VP ORNL PSI VUJE
Case | APOLLO2 |  TRIPOLI4 MCNP5 SCALES.1 SCALES.1 DORTOR MCNP5 305F 596 SCALES.1 CASMO5 |  SCALES.1
281G Cont. Energy | Cont. Energy | NEWT 238G | KENO-Va 238G | EST238G | Cont. Energy 696G KENO-VI238G | 586/19G | KENO-VI238G
0 138705 | 1.386780(27) | 1.387630(6) | 1.38099 1.380650(60) 137954 | 1.387190(70) | 137761 | 1.376200(19) | 1.380650(99) | 1.38604 | 1.380570(330)
®Mo | 138271 | 1.382480(27) | 1.383350(6) | 1.37673 1.376360(60) 137528 | 1.382850(70) | 137149 | 1.370110(19) | 1.376510(99) | 1.38162 | 1.376240(290)
®Tc | 138186 | 1.38158027) | 1.382510(6) | 1.37593 1.375550(60) 137447 | 138214070) | 137022 | 1.368900(19) | 1.375530(99) 1.381 1.375160(270)
wRu | 138167 | 1.381730(27) | 1.382680(6) 1.3761 1.375650(60) 137465 | 1.382170(70) 137 1.368680(19) | 1.375590(99) | 1.37931 | 1.375970(290)
wRh | 138048 | 1.380200(27) | 1.381100(6) | 1.37452 1.374220(60) 137305 | 1.38072070) | 137099 | 1.369630(19) | 1.374090(99) | 13798 | 1.374590(320)
1Ag | 1.38259 | 1.382340(27) | 1.383240(6) | 1.37664 1.376220(60) 137519 | 1.38284070) | 137136 | 1.370080(19) | 1.37610099) | 1.38171 | 1.375960(290)
Cs | 138225 | 1.381970(27) | 1.382890(6) 1.3763 1.375800(60) 137484 | 1.38242070) | 137089 | 1.369540(19) | 1.375950(99) | 1.38125 | 1.376440(280)
wNd | 137994 | 1.379630(27) | 1.380560(6) | 1.37394 1.373510(60) 137249 | 1379980(70) | 137053 | 1.369100(19) | 1.37354099) | 1.37897 | 1.373200(310)
wNd | 138047 | 1.380310(27) | 1.381260(6) | 1.37468 1.374310(60) 137322 | 1.38068070) | 1.3697 | 1.368300(19) | 1.374250(99) | 1.37935 | 1.374070(320)
wSm | 1.38144 | 1.381570(27) | 1.382460(6) | 1.37592 1.375550(60) 137447 | 1.38204070) | 137065 | 1.369310(19) | 1.37561099) | 1.38077 | 1.375670(310)
uSm | 1.38028 | 1.379980(27) | 1.380900(6) | 1.37426 1.373910(60) 137281 | 1.38040070) | 137086 | 1.369380(19) | 1.373900(99) | 1.37934 | 1.374000(290)
1w0Sm | 1.38001 | 1.37975027) | 1.380650(6) | 1.37404 1.373710(60) 137259 | 1.380190(70) | 1.36847 | 1.367070(19) | 1.373480(99) | 1.37852 | 1.373630(340)
wiSm | 1.37973 | 1.37943027) | 1.380320(6) | 1.37369 1.373350(60) 137225 | 1.380060(70) | 137038 | 1.368960(19) | 1.373390(99) | 1.37872 | 1.373320(290)
w2Sm | 138311 | 1.382860(27) | 1.383760(6) | 137707 1.376670(60) 137562 | 1.383350(70) | 137128 | 1.369940(19) | 1.37672099) | 1.38218 | 1.376860(280)
19Ey | 1.37981 | 1.379620(27) | 1.380540(6) | 1.37394 1.373530(60) 137248 | 1379850(70) | 137025 | 1.368830(19) | 1.37362099) | 1.37896 | 1.373820(300)
1Gd | 1.38001 | 1.379670(27) | 1.380600(6) | 1.37397 1.373490(60) 137253 | 1.380250(70) | 137068 | 1.369190(19) | 1.373650(99) 1379 | 1.373520(310)
2y | 139134 | 139105027) | 1.391930(6) | 1.38526 1.384830(60) 138383 | 1.39150070) | 138173 | 1.380490(18) | 1.384810(99) | 1.39035 | 1.385030(280)
26U | 138478 | 1.38452027) | 1.385440(6) | 1.37886 1.378490(60) 137741 | 1.385050(70) | 137571 | 1.374280(19) | 1.378430(99) | 1.38396 | 1.378370(290)
2INp | 138028 | 1.380060(27) | 1.380930(6) | 1.37436 1.373986(60) 137291 | 1.38047070) | 137075 | 1.369290(19) | 1.373870(99) | 1.37942 | 1.373880(300)
2py | 137965 | 1.379370(27) | 1.3802706) | 1.37366 1.373251(60) 137222 | 1379790(70) | 1.3703 | 1.368890(19) | 1.37320099) | 13787 | 1.373430(280)
2Py | 139206 | 1.392680(27) | 1.393540(6) | 1.38687 1.386507(60) 138538 | 1.393140(70) | 138332 | 1.382080(18) | 1.386560(99) | 1.39203 | 1.386390(300)
wpy | 13834 | 1.383170(27) | 1.3840406) | 1.37743 1.377064(60) 137597 | 1.38347070) | 137401 | 1.372710(19) | 1.37705099) | 1.38263 | 1.376570(320)
Py | 139385 | 1.393570(27) | 1.3944106) | 1.38774 1.387307(60) 13863 | 1.394160(70) | 1.38428 | 1.383070(18) | 1.38732099) | 1.39287 | 1.387480(310)
Py | 138471 | 1.384460(27) | 1.385360(6) | 1.37871 1.378337(60) 137726 | 1.385050(70) | 137377 | 1.372470(18) | 1.378310(99) | 1.3839 | 1.377960(300)
21Am | 1.38061 | 1.380350(27) | 1.381230(6) | 1.37462 1.374294(60) 137317 | 1.380760(70) | 137122 | 1.369830(19) | 1.374150(99) | 1.37967 | 1.374640(270)
Am | 13819 | 1.381710(27) | 1.382610(6) | 1.37603 1.375740(60) 137457 | 1.38220070) | 137199 | 1.370670(19) | 1.37565099) | 1.38117 | 1.375250(300)
0B | 138164 | 1.381350(27) | 1.382240(6) 1.3756 1.375180(60) 137415 | 1.38180070) | 137227 | 1.370740(19) | 1.37521099) | 1.38071 | 1.374940(300)
ALL | 133871 | 1.33932027) | 1.340062(6) | 1.32093 1.329830(60) 132865 | 1.33610070) | 132077 | 1.324790(26) | 1.320800(99) | 1.33191 | 1.334130(320)
Ar | 139319 | 1.392957(27) | 1.393861(6) | 1.38739 1.386973(60) 138563 | 1.39341070) | 138391 | 1.382470(18) | 1.387070(100) | 1.39225 | 1.387220(290)
LW | 139401 | 1.393740(27) | 1.394670(6) | 1.38836 1.388078(60) 138694 | 1.394180(70) | 1.38498 | 1.383300(18) | 1.388060(99) | 1.39312 | 1.388050(280)
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Figure 19. Relative difference in the neutron flux for cases 0 to 14 of sub-phase 2
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Figure 20. Relative difference in the neutron flux for cases 15 to 29 of sub-phase 2
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Table 22. Neutron flux in cm™s™” (sub-phase 2)

CEA CEA CEA EMS EMS GRS GRS DRAGON [ o ORNL PSI VUJE
Case | APOLLO2 | TRIPOLI4 MCNP5 SCALES.1 SCALES.1 DORTOREST MCNP5 305F 596 SCALES.1 CASMO5 |  SCALE6.1
281G | Cont. Energy | Cont. Energy | NEWT 238G | KENO-Va 238G 238G Cont.Energy |  69G KENO-VI 238G | 586/19G | KENO-VI238G

0 | 2479E-01 | 2480E-01 | 2480E-01 | 2.466E-01 2.476E-01 2.462E-01 2487E-01 | 2464E-01 | 2487E-01 | 2477E-01 | 2477E-01 |  2479E-01
%Mo | 2452E-01 | 2455E-01 | 2455E-01 | 2441E-01 2.452E-01 2.437E-01 2460E-01 | 2446E-01 | 2463E-01 | 2453E-01 | 2.452E-01 |  2450E-01
®Tc | 2449E-01 | 2452E-01 | 2452801 | 2438E-01 2.425E-01 2.434E-01 2458E-01 | 2442E-01 | 2458E-01 | 2452E-01 | 2.450E-01 |  2452E-01
0Ru | 2443E-01 | 2453E-01 | 2453E-01 | 2.439E-01 2 446E-01 2.436E-01 2460E-01 | 2444E-01 | 2462E-01 | 2450E-01 | 2.442E-01 |  2452E-01
10Rh | 2443E-01 | 2445E-01 | 2445E-01 | 2.431E-01 2 444E-01 2.427E-01 2451E-01 | 2436E-01 | 2450E-01 | 2442E-01 | 2444E-01 |  2445E-01
109Ag | 2454E-01 | 2456E-01 | 2456E-01 | 2442E-01 2.454E-01 2.438E-01 2463E-01 | 2448E-01 | 2466E-01 | 2452E-01 | 2454E-01 |  2452E-01
Cs | 2450E-01 | 2453E-01 | 2454E-01 | 2440E-01 2.454E-01 2.436E-01 2462E-01 | 2445E-01 | 2462E-01 | 2450E-01 | 2451E-01 |  2452E-01
WNd | 2.437E-01 | 2438E-01 | 2438E-01 | 2.424E-01 2.433E-01 2.420E-01 2443E-01 | 2430E-01 | 2442E-01 | 2434E-01 | 2.436E-01 | 2435E-01
uNd | 2.438E-01 | 2443E-01 | 2443E-01 | 2.430E-01 2.440E-01 2.426E-01 2448E-01 | 2436E-01 | 2451E-01 | 2441E-01 | 2.440E-01 | 2441E-01
wSm | 2445E-01 | 2451E-01 | 2451E-01 | 2438E-01 2.450E-01 2.435E-01 2458E-01 | 2444E-01 | 2462E-01 | 2450E-01 | 2.449E-01 |  2450E-01
1oSm | 2440E-01 | 2441E-01 | 2441E-01 | 2427E-01 2.436E-01 2.423E-01 2447E-01 | 2430E-01 | 2441E-01 | 2438E-01 | 2.439E-01 | 2437E-01
150Sm | 2437E-01 | 2438E-01 | 2439E-01 | 2425E-01 2.435E-01 2.421E-01 2444E-01 | 2431E-01 | 2445E-01 | 2436E-01 | 2434E-01 |  2437E-01
1519m | 2435E-01 | 2435E-01 | 2436E-01 | 2422E-01 2.432E-01 2.418E-01 2442E-01 | 2427E-01 | 2440E-01 | 2434E-01 | 2434E-01 |  2431E-01
1929m | 2455E-01 | 2457E-01 | 2457E-01 | 2443E-01 2.453E-01 2 440E-01 2462E-01 | 2449E-01 | 2468E-01 | 2455E-01 | 2456E-01 |  2453E-01
1SEY | 2430E-01 | 2441E-01 | 2441E-01 | 2427E-01 2.436E-01 2.423E-01 2448E-01 | 2433E-01 | 2447E-01 | 2438E-01 | 2430E-01 |  2442E-01
155Gd | 2436E-01 | 2437E-01 | 2437E-01 | 2423E-01 2.435E-01 2.419E-01 2443E-01 | 2427E-01 | 2438E-01 | 2435E-01 | 2435601 | 2431E-01
25U | 2466E-01 | 2.465E-01 | 2466E-01 | 2456E-01 2.467E-01 2.447E-01 247T1E-01 | 2464E-01 | 2468E-01 | 2462E-01 | 2.465E-01 |  2464E-01
26U | 2466E-01 | 2467E-01 | 2467E-01 | 2454E-01 2 444E-01 2.451E-01 2475E-01 | 2454E-01 | 2473E-01 | 2465E-01 | 2.466E-01 |  2465E-01
2Np | 2442E-01 | 2444E-01 | 2444E-01 | 2429E-01 2.441E-01 2.426E-01 2450E-01 | 2429E-01 | 2442E-01 | 2441E-01 | 2.442E-01 |  2437E-01
2Py | 2434E-01 | 2435E-01 | 2435E-01 | 2.421E-01 2.431E-01 2417E-01 2441E-01 | 2425E-01 | 2434E-01 | 2432E-01 | 2432E-01 |  2430E-01
2Py | 2450E-01 | 2449E-01 | 2450E-01 | 2.444E-01 2 445E-01 2431E-01 2454E-01 | 2456E-01 | 2446E-01 | 2445E-01 | 2451E-01 |  2442E-01
0Py | 2459E-01 | 2460E-01 | 2461E-01 | 2.446E-01 2 459E-01 2.443E-01 2467E-01 | 2446E-01 | 2464E-01 | 2457E-01 | 2460E-01 |  2459E-01
Py | 2471E-01 | 2470E-01 | 2471E-01 | 2.463E-01 2 469E-01 2.452E-01 2475E-01 | 2472E-01 | 2473E-01 | 2467E-01 | 2470E-01 |  2466E-01
%Py | 2465E-01 | 2468E-01 | 2468E-01 | 2.453E-01 2.467E-01 2.450E-01 2474E-01 | 2445E-01 | 2462E-01 | 2464E-01 | 2.466E-01 |  2468E-01
#Am | 2.443E-01 | 2445E-01 | 2445E-01 | 2.431E-01 2.443E-01 2.427E-01 2452E-01 | 2432E-01 | 2445E-01 | 2441E-01 | 2.443E-01 |  2443E-01
Am | 2451E-01 | 2454E-01 | 2454E-01 | 2.439E-01 2.453E-01 2.436E-01 2460E-01 | 2436E-01 | 2451E-01 | 2452E-01 | 2.453E-01 |  2446E-01
0B | 2447E-01 | 2448E-01 | 2449E-01 | 2.434E-01 2.443E-01 2.430E-01 2454E-01 | 2437E-01 | 2450E-01 | 2444E-01 | 2.446E-01 |  2444E-01
ALL | 2109E-01 | 2430E-01 | 2431E-01 | 2.122E-01 2.124E-01 2.111E-01 2126E-01 | 2.107E-01 | 2061E-01 | 2126E-01 | 2.119E-01 |  2.132E-01
Ar | 2536E-01 | 2542E-01 | 2.542E-01 | 2.521E-01 2.535E-01 NR. NR. 1820E-01 | 1.850E-01 | 2536E-01 | 2.532E-01 |  2.535E-01
LW | 2546E-01 | 2.554E-01 | 2555E-01 | 2528E-01 2.547E-01 NR. NR. 2512E-01 | 2578E-01 | 2547E-01 | 2542E-01 |  2.548E-01
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3.2.3 Reaction rates

Comparisons of reaction rate calculations performed on *°U, **U and '°O are illustrated in
Figure 21, for the first case (case 0 without BUC nuclide) as the same conclusions can be
observed for cases 0 to 27. The full content of calculation results are reported in Table 23 to
Table 30.

The same conclusions than in sub-phase 1 can be formulated, in spite of the difference in
the central fuel **U enrichment which is changed from 3% to 0.7% in sub-phase 2. Results are
in the same agreement with TRIPOLI4, except for the absorption and production rate on **°U
which is slightly less accurate with calculations based on GMVP-II where the calculation bias
moves from -1% to more than 2%.

Comparisons of reaction rate calculations on the BUC nuclide are illustrated in Figure 22
to Figure 26, with the full list of results in Table 31 to Table 33.

Results are quite different to the ones of sub-phase 1, as the higher concentration of the
added BUC nuclide in the central fuel cell leads to limitations in the calculation of the self-
shielding effect. This is especially true for DRAGON3 and GMVP-II calculations based on 69
energy groups where the absorption rates are underestimated by more than 10% for most of the
fission products. A better agreement is observed for actinides, with the exception of ***Pu
where a disagreement of more than 50% is observed. The CASMOS calculation overestimates
the absorption rate of '"'Ru in sub-phase 2 by 35% whereas it was predicted within 1% in sub-
phase 1. The reason is that the tabulation of self-shielded resonance cross-sections as a
function of background cross-section in the library used does not cover the concentration of
this nuclide in sub-phase 2. Less pronounced differences in the deviations of CASMOS results
from the reference solution between sub-phases 1 and 2, which are probably due to the same
cause, can also be observed for Mo, *Tc, "*Nd and 'YSm. The better agreement of the
CASMOS5 absorption rates for °Mo and *’Tc with the reference values than in sub-phase 1
thus appears to be due to coincidentally compensating effects. Additional calculations
performed with 35 groups, the default group structure for MOX calculations in CASMOS,
have been reported by PSI. They show that the **’Pu and ***Pu absorption rates are increased
by around 6% which cancels most of the underestimation previously observed. An increase of
the difference is also observed for APOLLO?2 calculations, especially for resonant nuclides
like ""'Ru and '’Sm where the overprediction reaches more than 6%. For other nuclides
thought, differences stay within 2% which is acceptable. One also should observe that most of
the participants overestimate the absorption and production rates of case 27 (sum of all BUC
nuclides) by more than 4%, making this case the case with the worst agreement in terms of
self-shielding effects.

For scattering rates, the same trends than in sub-phase 1 can be observed, with an
underprediction of calculations based on PO scattering cross-sections. Most surprising are the
results from PSI for '*Nd and '*’Sm which are both overestimated by more than 30%, just like
*%Sm by 10%, a trend which was not observed in sub-phase 1.

Calculation of reaction rates on isotopes of air and light water (cases 28 and 29) are not
presented as some misunderstandings in the specifications lead to inconsistent data in the
results provided by the participants.
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Figure 21. Relative difference in reaction rates of >**U, **U and '°O for case 0 of sub-phase 2
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Table 23. Absorption rate on >*°U in s™ (sub-phase 2)

CEA CEA CEA EMS EMS GRS GRS DRAGON [ o ORNL PSI VUJE
Case | APOLLO2 | TRIPOLI4 MCNP5 SCALES.1 SCALES.1 DORTOREST MCNP5 305F 596 SCALES.1 CASMO5 |  SCALE6.1
281G Cont. Energy | Cont. Energy | NEWT 238G | KENO-Va 238G 238G Cont. Energy 69G KENO-VI 238G | 586/19G | KENO-VI 238G

0 | 4177E-03 | 4.191E-03 4183E-03 | 4.159E-03 4.174E-03 4.176E-03 4196E-03 | 4.058E-03 | 4.226E-03 | 4.174E-03 | 4.202E-03 | 4.181E-03
%Mo | 4.003E-03 | 4.014E-03 4007E-03 | 3.987E-03 4.009E-03 4.000E-03 4015E-03 | 3.962E-03 | 4.098E-03 | 3.995E-03 | 4.018E-03 | 4.001E-03
®Tc | 4.020E-03 | 4.031E-03 4.024E-03 | 4.005E-03 3.862E-03 4.018E-03 4.038E-03 | 3.961E-03 | 4.098E-03 | 4.017E-03 | 4.047E-03 | 4.011E-03
Ry | 4.059E-03 | 4.074E-03 4067E-03 | 4.047E-03 4.050E-03 4.061E-03 4.080E-03 | 3.992E-03 | 4.138E-03 | 4.060E-03 | 4.061E-03 | 4.061E-03
iRh | 3.960E-03 | 3.971E-03 3964E-03 | 3.945E-03 3.966E-03 3.958E-03 3978E-03 | 3.897E-03 | 4.010E-03 | 3.954E-03 | 3.980E-03 | 3.954E-03
109Ag | 4.043E-03 | 4.054E-03 4.048E-03 | 4.027E-03 4.036E-03 4.041E-03 4.060E-03 | 3.985E-03 | 4.127E-03 | 4.038E-03 | 4.063E-03 | 4.029E-03
Cs | 4.025E-03 | 4.036E-03 4031E-03 | 4.011E-03 4.022E-03 4.024E-03 4.043E-03 | 3.971E-03 | 4.110E-03 | 4.021E-03 | 4.043E-03 | 4.016E-03
“Nd | 3.805E-03 | 3.809E-03 3804E-03 | 3.789E-03 3.784E-03 3.797E-03 3813E-03 | 3.762E-03 | 3841E-03 | 3.798E-03 | 3.812E-03 | 3.778E-03
usNd | 3.917E-03 | 3.925E-03 3920E-03 | 3.903E-03 3.918E-03 3.914E-03 3927E-03 | 3892E-03 | 4.006E-03 | 3911E-03 | 3.928E-03 | 3.911E-03
WSm | 4.027E-03 | 4.041E-03 4033E-03 | 4.014E-03 4.018E-03 4.028E-03 4.044E-03 | 3.976E-03 | 4.118E-03 | 4.017E-03 | 4.047E-03 | 4.014E-03
14Sm | 3.866E-03 | 3.875E-03 3868E-03 | 3.850E-03 3.849E-03 3.861E-03 3872E-03 | 3.793E-03 | 3879E-03 | 3.864E-03 | 3.878E-03 | 3.858E-03
150Sm | 3.830E-03 | 3.835E-03 3830E-03 | 3.814E-03 3.820E-03 3.823E-03 3837E-03 | 3835E-03 | 3937E-03 | 3.820E-03 | 3.834E-03 | 3817E-03
1519m | 3.729E-03 | 3.731E-03 3725E-03 | 3.713E-03 3.723E-03 3.719E-03 3733E-03 | 3691E-03 | 3.762E-03 | 3.718E-03 | 3.732E-03 |  3.720E-03
1©29m | 4.036E-03 | 4.048E-03 4.040E-03 | 4.022E-03 4.025E-03 4.036E-03 4050E-03 | 3.988E-03 | 4.134E-03 | 4.031E-03 | 4.057E-03 | 4.031E-03
19Ey | 3.920E-03 | 3.929E-03 3923E-03 | 3.904E-03 3.920E-03 3.916E-03 3934E-03 | 3875E-03 | 3.985E-03 | 3.912E-03 | 3.933E-03 | 3.912E-03
155Gd | 3.738E-03 | 3.739E-03 3733E-03 | 3.721E-03 3.726E-03 3.728E-03 3.742E-03 | 3685E-03 | 3.751E-03 | 3.726E-03 | 3.740E-03 | 3.718E-03
26 | 1327E-02 | 1.326E-02 1324E02 | 1.321E-02 1.320E-02 1.321E-02 1327602 | 1.317E-02 | 1.317E-02 | 1320E-02 | 1.324E-02 | 1.323E-02
26 | 4127E-03 | 4.141E-03 4133E-03 | 4111E-03 3.944E-03 4.127E-03 4148E-03 | 4.014E-03 | 4.168E-03 | 4.115E-03 | 4.151E-03 | 4.110E-03
%INp | 3944E-03 | 3.955E-03 3948E-03 | 3.930E-03 3.943E-03 3.942E-03 3955E-03 | 3.856E-03 | 3.960E-03 | 3.939E-03 | 3.960E-03 | 3.944E-03
2Py | 3.726E-03 | 3.729E-03 3723E-03 | 3.710E-03 3.714E-03 3.717E-03 3.730E-03 | 3670E-03 | 3.731E-03 | 3.720E-03 | 3.730E-03 |  3.736E-03
2Py | 2.966E-03 | 2.964E-03 2960E-03 | 2.960E-03 2.952E-03 2.955E-03 20957E-03 | 2985E-03 | 2903E-03 | 2.954E-03 | 2.956E-03 |  2.954E-03
u0py | 4.077E-03 |  4.090E-03 4083E-03 | 4.062E-03 4.078E-03 4.077E-03 4093E-03 | 3973E-03 | 4111E-03 | 4071E-03 | 4.100E-03 | 4.070E-03
upy | 3306E-03 | 3.304E-03 3300E-03 | 3.294E-03 3.298E-03 3.204E-03 3301E-03 | 3.295E-03 | 3.270E-03 | 3.202E-03 | 3.301E-03 | 3.287E-03
%Py | 4.126E-03 | 4.140E-03 4132E-03 | 4.110E-03 4.127E-03 4.126E-03 4143E-03 | 4.001E-03 | 4.147E-03 | 4.122E-03 | 4.151E-03 | 4.122E-03
%1Am | 3.923E-03 | 3.932E-03 3926E-03 | 3.908E-03 3.921E-03 3.919E-03 3944E-03 | 3.840E-03 | 3936E-03 | 3.917E-03 | 3.939E-03 | 3.914E-03
%Am | 4.061E-03 | 4.076E-03 4.068E-03 | 4.047E-03 4.067E-03 4.062E-03 4.082E-03 | 3.953E-03 | 4.085E-03 | 4.057E-03 | 4.085E-03 |  4.065E-03
B | 3.896E-03 | 3.902E-03 3896E-03 | 3.879E-03 3.879E-03 3.890E-03 3904E-03 | 3819E-03 | 3917E-03 | 3.889E-03 | 3.876E-03 | 3.895E-03
ALL | 1493E-03 | 5.472E-03 1.793E-03 NR. NR. 1.496E-03 1490E-03 | 5450E-03 | 4.877E-03 | 1496E-03 | 1464E-03 | 5.469E-03

ZOT0DW/DOSN/VAN
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Table 24. Production rate on **U in s™ (sub-phase 2)

EMS EMS GRS ORNL VUJE
coo | seoilor | POl | owws | SSAEGT | SOEG! | DORIORES | g | ORACOWSE | GRS | cuguos | SOLEE
. gy | Cont. Energy 238G 238G 238G Cont. Energy 238G 586/19G 238G

0 8.480E-03 8.509E-03 8.491E-03 8.441E-03 8.473E-03 8.476E-03 8.519E-03 8.220E-03 8.571E-03 8.472E-03 8.528E-03 8.486E-03
%Mo 8.121E-03 8.143E-03 8.128E-03 8.086E-03 8.131E-03 8.112E-03 8.144E-03 8.026E-03 8.310E-03 8.103E-03 8.150E-03 8.113E-03
9Tc 8.157E-03 8.181E-03 8.166E-03 8.124E-03 7.828E-03 8.151E-03 8.194E-03 8.027E-03 8.314E-03 8.148E-03 8.211E-03 8.137E-03
101Ru 8.242E-03 8.274E-03 8.259E-03 8.215E-03 8.221E-03 8.244E-03 8.284E-03 8.091E-03 8.399E-03 8.243E-03 8.251E-03 8.243E-03
103Rh 8.031E-03 8.054E-03 8.040E-03 7.999E-03 8.041E-03 8.024E-03 8.069E-03 7.889E-03 8.123E-03 8.018E-03 8.070E-03 8.017E-03
109Ag 8.205E-03 8.230E-03 8.216E-03 8.171E-03 8.189E-03 8.200E-03 8.241E-03 8.075E-03 8.372E-03 8.193E-03 8.243E-03 8.175E-03
3Cs 8.169E-03 8.192E-03 8.180E-03 8.137E-03 8.159E-03 8.164E-03 8.205E-03 8.046E-03 8.339E-03 8.157E-03 8.202E-03 8.149E-03
143Nd 7.708E-03 7.717E-03 7.706E-03 7.674E-03 7.663E-03 7.690E-03 7.724E-03 7.606E-03 7.771E-03 7.692E-03 7.719E-03 7.652E-03
145Nd 7.944E-03 7.961E-03 7.950E-03 7.914E-03 7.944E-03 7.935E-03 7.963E-03 7.881E-03 8.121E-03 7.929E-03 7.963E-03 7.930E-03
147Sm 8.175E-03 8.204E-03 8.187E-03 8.146E-03 8.156E-03 8.174E-03 8.211E-03 8.058E-03 8.354E-03 8.153E-03 8.214E-03 8.146E-03
149Sm 7.833E-03 7.850E-03 7.836E-03 7.797E-03 7.796E-03 7.820E-03 7.844E-03 7.670E-03 7.848E-03 7.825E-03 7.854E-03 7.814E-03
150Sm 7.761E-03 7.771E-03 7.760E-03 7.726E-03 7.741E-03 7.744E-03 7.7T7T6E-03 7.765E-03 7.977E-03 7.738E-03 7.766E-03 7.732E-03
51Sm 7.552E-03 7.555E-03 7.543E-03 7.516E-03 7.536E-03 7.528E-03 7.558E-03 7.459E-03 7.609E-03 7.525E-03 7.555E-03 7.531E-03
152Sm 8.191E-03 8.217E-03 8.199E-03 8.159E-03 8.165E-03 8.188E-03 8.220E-03 8.081E-03 8.387E-03 8.178E-03 8.229E-03 8.177E-03
183EY 7.953E-03 7.973E-03 7.959E-03 7.920E-03 7.951E-03 7.943E-03 7.981E-03 7.845E-03 8.075E-03 7.935E-03 7.976E-03 7.935E-03
155Gd 7.568E-03 7.571E-03 7.558E-03 7.532E-03 7.541E-03 7.545E-03 7.576E-03 7.445E-03 7.583E-03 7.541E-03 7.568E-03 7.527E-03
235 2.684E-02 2.681E-02 2.678E-02 2.671E-02 2.669E-02 2.671E-02 2.684E-02 2.661E-02 2.660E-02 2.669E-02 2.677E-02 2.675E-02
236U 8.377E-03 8.406E-03 8.389E-03 8.343E-03 7.996E-03 8.375E-03 8.422E-03 8.133E-03 8.454E-03 8.351E-03 8.423E-03 8.341E-03
27Np 7.999E-03 8.022E-03 8.007E-03 7.968E-03 7.994E-03 7.992E-03 8.022E-03 7.805E-03 8.024E-03 7.986E-03 8.030E-03 7.998E-03
238Py 7.545E-03 7.550E-03 7.538E-03 7.510E-03 7.518E-03 7.523E-03 7.551E-03 7.417E-03 7.543E-03 7.529E-03 7.548E-03 7.562E-03
9Py 5.973E-03 5.970E-03 5.961E-03 5.960E-03 5.944E-03 5.948E-03 5.955E-03 6.003E-03 5.833E-03 5.948E-03 5.950E-03 5.948E-03
20Py 8.274E-03 8.301E-03 8.286E-03 8.241E-03 8.275E-03 8.271E-03 8.305E-03 8.044E-03 8.332E-03 8.260E-03 8.317E-03 8.257E-03
1Py 6.678E-03 6.673E-03 6.665E-03 6.651E-03 6.658E-03 6.649E-03 6.666E-03 6.643E-03 6.593E-03 6.647E-03 6.663E-03 6.636E-03
242Py 8.375E-03 8.405E-03 8.388E-03 8.340E-03 8.375E-03 8.373E-03 8.410E-03 8.104E-03 8.409E-03 8.365E-03 8.424E-03 8.364E-03
241Am 7.955E-03 7.974E-03 7.960E-03 7.921E-03 7.949E-03 7.945E-03 7.997E-03 7.770E-03 7.973E-03 7.940E-03 7.985E-03 7.936E-03
243Am 8.243E-03 8.273E-03 8.257E-03 8.212E-03 8.252E-03 8.242E-03 8.285E-03 8.008E-03 8.284E-03 8.232E-03 8.289E-03 8.250E-03
10 7.898E-03 7.910E-03 7.897E-03 7.860E-03 7.861E-03 7.881E-03 7.913E-03 7.724E-03 7.929E-03 7.881E-03 7.853E-03 7.894E-03
ALL 2.956E-03 1.083E-02 4.632E-04 N.R. N.R. 2.960E-03 2.949E-03 1.088E-02 9.708E-03 2.960E-03 2.901E-03 1.081E-02

29100 W/OSN/VAN
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Table 25. Scattering rate on 2°U in s (sub-phase 2)

EMS EMS ORNL VUJE
Coso | APOLL2 | TRPOL4 | wowps | SCALEBT | SCALES1 | pogrieecr | ycps | ORAGONGOSE | GMVRAl | SCALES! | gquos | SCALES:
281G Cont. Energy | Cont. Energy 238G 238G 238G Cont. Energy 238G 586/19G 238G

0 4.431E-04 4.429E-04 4.429E-04 4.409E-04 4.422E-04 4.409E-04 4 445E-04 3.932E-04 3.979E-04 4.420E-04 3.963E-04 4.423E-04
%Mo | 4.373E-04 4.370E-04 4.370E-04 4.352E-04 4.365E-04 4.351E-04 4.384E-04 3.891E-04 3.927E-04 4.363E-04 3.906E-04 4.359E-04
%Tc | 4.366E-04 4.365E-04 4.364E-04 4 346E-04 4.304E-04 4.345E-04 4.380E-04 3.883E-04 3.918E-04 4.361E-04 3.903E-04 4.361E-04
0Ru | 4.368E-04 4.369E-04 4.369E-04 4.351E-04 4.358E-04 4.351E-04 4 386E-04 3.889E-04 3.926E-04 4.362E-04 3.888E-04 4.365E-04
13Rh | 4.345E-04 4.344E-04 4.344E-04 4.325E-04 4.341E-04 4.324E-04 4.359E-04 3.865E-04 3.893E-04 4.335E-04 3.884E-04 4.341E-04
19Ag | 4.375E-04 4.374E-04 4.374E-04 4.355E-04 4.369E-04 4.354E-04 4.390E-04 3.896E-04 3.933E-04 4.364E-04 3.910E-04 4.364E-04
133Cs | 4.370E-04 4.368E-04 4.369E-04 4.351E-04 4.366E-04 4.350E-04 4.386E-04 3.889E-04 3.925E-04 4.360E-04 3.905E-04 4.363E-04
Nd | 4.329E-04 4.326E-04 4.326E-04 4.308E-04 4.315E-04 4.306E-04 4.338E-04 3.849E-04 3.873E-04 4.315E-04 3.862E-04 4.316E-04
5Nd | 4.343E-04 4.340E-04 4.341E-04 4.324E-04 4.335E-04 4.323E-04 4.353E-04 3.868E-04 3.899E-04 4.335E-04 3.875E-04 4.335E-04
4Sm | 4.365E-04 4.363E-04 4.363E-04 4.347E-04 4.358E-04 4.346E-04 4.378E-04 3.888E-04 3.924E-04 4.356E-04 3.899E-04 4.358E-04
1498m | 4.334E-04 4.332E-04 4.332E-04 4.313E-04 4.320E-04 4.312E-04 4.346E-04 3.848E-04 3.868E-04 4.324E-04 3.867E-04 4.320E-04
15%0Sm | 4.331E-04 4.328E-04 4.328E-04 4.311E-04 4.319E-04 4.309E-04 4.341E-04 3.856E-04 3.883E-04 4.319E-04 3.860E-04 4.324E-04
151Sm | 4.323E-04 4.319E-04 4.319E-04 4.302E-04 4.312E-04 4.300E-04 4.335E-04 3.843E-04 3.866E-04 4.313E-04 3.856E-04 4.306E-04
152Sm | 4.378E-04 4.377E-04 4.377E-04 4.360E-04 4.367E-04 4.359E-04 4.390E-04 3.898E-04 3.938E-04 4.370E-04 3.916E-04 4.367E-04
183Eu | 4.338E-04 4.337E-04 4.337E-04 4.318E-04 4.328E-04 4.318E-04 4.352E-04 3.861E-04 3.888E-04 4.328E-04 3.873E-04 4.335E-04
55Gd | 4.326E-04 4.322E-04 4.322E-04 4.304E-04 4.316E-04 4.302E-04 4.336E-04 3.843E-04 3.864E-04 4.314E-04 3.859E-04 4.308E-04
5 1.681E-03 1.678E-03 1.679E-03 1.674E-03 1.678E-03 1.671E-03 1.683E-03 1.485E-03 1.487E-03 1.675E-03 1.490E-03 1.677E-03
6y 4.404E-04 4.401E-04 4.401E-04 4.384E-04 4.343E-04 4.384E-04 4 419E-04 3.909E-04 3.950E-04 4.393E-04 3.939E-04 4.390E-04
ZINp | 4.343E-04 4.342E-04 4.341E-04 4.323E-04 4.335E-04 4.322E-04 4.356E-04 3.850E-04 3.875E-04 4.333E-04 3.878E-04 4.329E-04
Z8Py | 4.317E-04 4.314E-04 4.314E-04 4.296E-04 4.306E-04 4.294E-04 4.329E-04 3.833E-04 3.851E-04 4.305E-04 3.850E-04 4.307E-04
2Py | 4.183E-04 4.178E-04 4.178E-04 4.172E-04 4.168E-04 4.159E-04 4.188E-04 3.677E-04 3.651E-04 4.169E-04 3.679E-04 4.161E-04
0Py | 4.384E-04 4.382E-04 4.383E-04 4.363E-04 4.377E-04 4.363E-04 4.398E-04 3.889E-04 3.925E-04 4.373E-04 3.922E-04 4.375E-04
2Py | 4.283E-04 4.276E-04 4.277E-04 4.267E-04 4.272E-04 4.256E-04 4.288E-04 3.776E-04 3.771E-04 4.268E-04 3.787E-04 4.265E-04
2Py | 4.401E-04 4.400E-04 4 400E-04 4.381E-04 4.395E-04 4.380E-04 4 415E-04 3.888E-04 3.925E-04 4.391E-04 3.938E-04 4.396E-04
21Am | 4.344E-04 4.342E-04 4.342E-04 4.323E-04 4.335E-04 4.322E-04 4.360E-04 3.854E-04 3.879E-04 4.332E-04 3.878E-04 4.334E-04
2Am | 4.367E-04 4.367E-04 4.367E-04 4.348E-04 4.364E-04 4.348E-04 4.383E-04 3.867E-04 3.899E-04 4.360E-04 3.905E-04 4.353E-04
18 4.354E-04 4.351E-04 4.351E-04 4.332E-04 4.339E-04 4.331E-04 4.364E-04 3.865E-04 3.893E-04 4.340E-04 3.893E-04 4.340E-04
ALL 3.443E-04 1.343E-03 8.402E-04 N.R. N.R. 3.440E-04 3.452E-04 1.126E-03 1.092E-03 3.451E-04 2.951E-04 1.344E-03

ZOT0DW/DOSN/VAN
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Table 26. Absorption rate on By ins?! (sub-phase 2)

EMS EMS ORNL VUJE
aso | APOLLCR | TROLM | owps | SCALEBT | SCMLEGT | popiopesr | ycnps | DRAGONGOSF | GMVPI | SCALEST | gygo | SCALES
281G Cont. Energy | Cont. Energy 238G 238G 238G Cont. Energy 238G 586/19G 238G

0 6.342E-03 6.353E-03 6.349E-03 6.380E-03 6.457E-03 6.422E-03 6.364E-03 6.366E-03 6.452E-03 6.431E-03 6.342E-03 6.453E-03
%Mo | 6.240E-03 6.246E-03 6.242E-03 6.277E-03 6.339E-03 6.317E-03 6.245E-03 6.239E-03 6.297E-03 6.319E-03 6.223E-03 6.320E-03
%Tc | 6.155E-03 6.167E-03 6.162E-03 6.195E-03 6.149E-03 6.236E-03 6.177E-03 6.153E-03 6.207E-03 6.238E-03 6.218E-03 6.229E-03
0Ru | 6.247E-03 6.235E-03 6.230E-03 6.269E-03 6.314E-03 6.310E-03 6.247E-03 6.261E-03 6.324E-03 6.316E-03 6.223E-03 6.327E-03
18Rh | 6.214E-03 6.224E-03 6.222E-03 6.255E-03 6.339E-03 6.294E-03 6.229E-03 6.269E-03 6.321E-03 6.306E-03 6.213E-03 6.310E-03
19Ag | 6.228E-03 6.243E-03 6.237E-03 6.270E-03 6.301E-03 6.311E-03 6.249E-03 6.199E-03 6.259E-03 6.317E-03 6.261E-03 6.341E-03
13Cs | 6.170E-03 6.177E-03 6.173E-03 6.212E-03 6.245E-03 6.253E-03 6.183E-03 6.185E-03 6.241E-03 6.258E-03 6.181E-03 6.263E-03
Nd | 6.143E-03 6.144E-03 6.139E-03 6.175E-03 6.200E-03 6.212E-03 6.149E-03 6.196E-03 6.231E-03 6.220E-03 6.124E-03 6.201E-03
5Nd | 6.188E-03 6.179E-03 6.174E-03 6.211E-03 6.270E-03 6.250E-03 6.189E-03 6.166E-03 6.211E-03 6.260E-03 6.174E-03 6.249E-03
4Sm | 6.245E-03 6.240E-03 6.234E-03 6.271E-03 6.305E-03 6.312E-03 6.244E-03 6.237E-03 6.297E-03 6.312E-03 6.212E-03 6.303E-03
498m | 6.165E-03 6.177E-03 6.172E-03 6.205E-03 6.245E-03 6.244E-03 6.184E-03 6.214E-03 6.252E-03 6.251E-03 6.158E-03 6.253E-03
15%0Sm | 6.054E-03 6.048E-03 6.043E-03 6.076E-03 6.114E-03 6.112E-03 6.047E-03 6.150E-03 6.188E-03 6.116E-03 6.124E-03 6.128E-03
151Sm | 6.094E-03 6.100E-03 6.096E-03 6.133E-03 6.187E-03 6.170E-03 6.109E-03 6.161E-03 6.195E-03 6.182E-03 6.082E-03 6.189E-03
152Sm | 6.195E-03 6.205E-03 6.203E-03 6.249E-03 6.289E-03 6.290E-03 6.211E-03 6.207E-03 6.271E-03 6.292E-03 6.191E-03 6.290E-03
18Eu | 6.161E-03 6.174E-03 6.170E-03 6.203E-03 6.218E-03 6.243E-03 6.187E-03 6.210E-03 6.257E-03 6.244E-03 6.164E-03 6.235E-03
%5Gd | 6.102E-03 6.108E-03 6.106E-03 6.142E-03 6.202E-03 6.178E-03 6.115E-03 6.162E-03 6.193E-03 6.185E-03 6.090E-03 6.176E-03
5 5.948E-03 5.954E-03 5.948E-03 5.990E-03 6.029E-03 6.021E-03 5.964E-03 6.041E-03 6.031E-03 6.039E-03 5.940E-03 6.022E-03
6y | 6.289E-03 6.299E-03 6.294E-03 6.334E-03 6.315E-03 6.376E-03 6.315E-03 6.324E-03 6.397E-03 6.394E-03 6.304E-03 6.390E-03
ZNp | 6.180E-03 6.192E-03 6.186E-03 6.220E-03 6.269E-03 6.260E-03 6.200E-03 6.230E-03 6.272E-03 6.277E-03 6.183E-03 6.243E-03
%8Py | 6.095E-03 6.101E-03 6.099E-03 6.136E-03 6.195E-03 6.172E-03 6.112E-03 6.151E-03 6.176E-03 6.178E-03 6.081E-03 6.202E-03
2Py | 5.755E-03 5.762E-03 5.760E-03 5.807E-03 5.848E-03 5.831E-03 5.753E-03 5.866E-03 5.803E-03 5.847E-03 5.752E-03 5.827E-03
0Py | 6.279E-03 6.292E-03 6.288E-03 6.320E-03 6.344E-03 6.360E-03 6.305E-03 6.314E-03 6.382E-03 6.360E-03 6.283E-03 6.369E-03
2Py | 5.906E-03 5.909E-03 5.907E-03 5.947E-03 5.986E-03 5.978E-03 5.913E-03 6.008E-03 5.983E-03 5.976E-03 5.899E-03 5.947E-03
2Py | 6.308E-03 6.320E-03 6.314E-03 6.346E-03 6.400E-03 6.387E-03 6.329E-03 6.322E-03 6.393E-03 6.386E-03 6.307E-03 6.395E-03
21Am | 6.193E-03 6.205E-03 6.201E-03 6.234E-03 6.283E-03 6.272E-03 6.211E-03 6.237E-03 6.282E-03 6.283E-03 6.191E-03 6.273E-03
2Am | 6.240E-03 6.254E-03 6.249E-03 6.281E-03 6.337E-03 6.322E-03 6.264E-03 6.282E-03 6.340E-03 6.330E-03 6.243E-03 6.340E-03
18 6.183E-03 6.192E-03 6.188E-03 6.222E-03 6.258E-03 6.261E-03 6.192E-03 6.227E-03 6.271E-03 6.258E-03 6.147E-03 6.272E-03
ALL | 4.426E-03 4.296E-03 4.296E-03 N.R. N.R. 4.446E-03 4.341E-03 3.825E-03 3.647E-03 4 457E-03 4.538E-03 4 415E-03
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Table 27. Production rate on **U in s™ (sub-phase 2)

EMS EMS ORNL VUJE
Coso | APOLL2 | TRPOL4 | wowps | SCALEBT | SCALES1 | pogrieecr | ycps | ORAGONGOSE | GMVRAl | SCALES! | gquos | SCALES:
281G Cont. Energy | Cont. Energy 238G 238G 238G Cont. Energy 238G 586/19G 238G

0 1.479E-03 1.493E-03 1.493E-03 1.479E-03 1.495E-03 1.454E-03 1.494E-03 1.496E-03 1.507E-03 1.493E-03 1.477E-03 1.498E-03
%Mo | 1.470E-03 1.484E-03 1.484E-03 1.469E-03 1.492E-03 1.445E-03 1.484E-03 1.490E-03 1.501E-03 1.485E-03 1.465E-03 1.483E-03
%Tc 1.473E-03 1.487E-03 1.487E-03 1.473E-03 1.472E-03 1.448E-03 1.487E-03 1.492E-03 1.502E-03 1.489E-03 1.470E-03 1.488E-03
0Ru | 1.469E-03 1.483E-03 1.482E-03 1.468E-03 1.479E-03 1.444E-03 1.484E-03 1.490E-03 1.501E-03 1.482E-03 1.463E-03 1.489E-03
13Rh | 1.474E-03 1.489E-03 1.488E-03 1.474E-03 1.487E-03 1.449E-03 1.490E-03 1.491E-03 1.502E-03 1.489E-03 1.472E-03 1.490E-03
19Ag | 1.476E-03 1.490E-03 1.490E-03 1.476E-03 1.489E-03 1.451E-03 1.491E-03 1.494E-03 1.504E-03 1.489E-03 1.473E-03 1.486E-03
133Cs | 1.474E-03 1.488E-03 1.488E-03 1.474E-03 1.494E-03 1.449E-03 1.490E-03 1.493E-03 1.504E-03 1.488E-03 1.471E-03 1.482E-03
Nd | 1.471E-03 1.486E-03 1.485E-03 1.471E-03 1.480E-03 1.446E-03 1.485E-03 1.489E-03 1.499E-03 1.484E-03 1.468E-03 1.484E-03
“Nd | 1.471E-03 1.486E-03 1.485E-03 1.471E-03 1.483E-03 1.446E-03 1.486E-03 1.490E-03 1.501E-03 1.485E-03 1.467E-03 1.481E-03
“Sm | 1.475E-03 1.489E-03 1.489E-03 1.475E-03 1.487E-03 1.450E-03 1.490E-03 1.493E-03 1.504E-03 1.492E-03 1.472E-03 1.493E-03
498m | 1.473E-03 1.487E-03 1.487E-03 1.473E-03 1.484E-03 1.447E-03 1.488E-03 1.490E-03 1.501E-03 1.486E-03 1.471E-03 1.487E-03
15%Sm | 1.470E-03 1.484E-03 1.484E-03 1.470E-03 1.485E-03 1.445E-03 1.485E-03 1.489E-03 1.498E-03 1.484E-03 1.467E-03 1.482E-03
15Sm | 1.471E-03 1.484E-03 1.484E-03 1.470E-03 1.487E-03 1.445E-03 1.486E-03 1.488E-03 1.498E-03 1.485E-03 1.468E-03 1.483E-03
152Sm | 1.476E-03 1.490E-03 1.490E-03 1.476E-03 1.488E-03 1.451E-03 1.490E-03 1.494E-03 1.504E-03 1.491E-03 1.474E-03 1.486E-03
183Eu | 1.474E-03 1.488E-03 1.488E-03 1.474E-03 1.483E-03 1.448E-03 1.489E-03 1.491E-03 1.501E-03 1.487E-03 1.471E-03 1.486E-03
%5Gd | 1.471E-03 1.484E-03 1.485E-03 1.470E-03 1.482E-03 1.445E-03 1.486E-03 1.488E-03 1.496E-03 1.488E-03 1.468E-03 1.475E-03
5 1.605E-03 1.620E-03 1.619E-03 1.615E-03 1.623E-03 1.578E-03 1.619E-03 1.629E-03 1.636E-03 1.619E-03 1.601E-03 1.618E-03
6y 1.475E-03 1.490E-03 1.489E-03 1.475E-03 1.480E-03 1.450E-03 1.491E-03 1.492E-03 1.502E-03 1.490E-03 1.472E-03 1.497E-03
ZNp | 1.475E-03 1.489E-03 1.489E-03 1.475E-03 1.490E-03 1.449E-03 1.488E-03 1.491E-03 1.500E-03 1.489E-03 1.472E-03 1.487E-03
Z8Py | 1.475E-03 1.489E-03 1.489E-03 1.475E-03 1.484E-03 1.449E-03 1.491E-03 1.492E-03 1.500E-03 1.490E-03 1.473E-03 1.486E-03
2Py | 1.711E-03 1.726E-03 1.725E-03 1.730E-03 1.727E-03 1.669E-03 1.726E-03 1.730E-03 1.726E-03 1.725E-03 1.717E-03 1.724E-03
0Py | 1.477E-03 1.492E-03 1.491E-03 1.477E-03 1.496E-03 1.452E-03 1.491E-03 1.494E-03 1.505E-03 1.492E-03 1.475E-03 1.493E-03
2Py | 1.642E-03 1.657E-03 1.657E-03 1.655E-03 1.661E-03 1.615E-03 1.656E-03 1.671E-03 1.675E-03 1.654E-03 1.643E-03 1.648E-03
2Py | 1.478E-03 1.493E-03 1.492E-03 1.478E-03 1.493E-03 1.453E-03 1.492E-03 1.494E-03 1.505E-03 1.495E-03 1.476E-03 1.496E-03
21Am | 1.475E-03 1.489E-03 1.489E-03 1.475E-03 1.492E-03 1.449E-03 1.492E-03 1.491E-03 1.501E-03 1.487E-03 1.473E-03 1.491E-03
2Am | 1.477E-03 1.491E-03 1.491E-03 1.477E-03 1.494E-03 1.452E-03 1.492E-03 1.493E-03 1.502E-03 1.492E-03 1.475E-03 1.489E-03
18 1.474E-03 1.488E-03 1.488E-03 1.474E-03 1.491E-03 1.448E-03 1.487E-03 1.491E-03 1.499E-03 1.486E-03 1.468E-03 1.486E-03
ALL 1.616E-03 1.669E-03 1.669E-03 N.R. N.R. 1.581E-03 1.630E-03 1.678E-03 1.650E-03 1.632E-03 1.610E-03 1.667E-03
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Table 28. Scattering rate on 2**U in s (sub-phase 2)

EMS EMS ORNL VUJE
Coso | APOLLO2 | TRPOL4 | wowps | SCALEST | SCALES | pogieer | ygyps | DRAGONISE | GMVPA | SCALEGT | oquos | SCALEGS
281G Cont. Energy | Cont. Energy 238G 238G 238G Cont. Energy 238G 586/19G 238G

0 5.843E-02 5.853E-02 5.853E-02 5.868E-02 5.889E-02 5.866E-02 5.868E-02 5.078E-02 5.120E-02 5.883E-02 5.223E-02 5.886E-02
%Mo 5.788E-02 5.796E-02 5.795E-02 5.813E-02 5.828E-02 5.811E-02 5.808E-02 5.031E-02 5.062E-02 5.829E-02 5.165E-02 5.821E-02
%Tc 5.784E-02 5.795E-02 5.794E-02 5.811E-02 5.777TE-02 5.809E-02 5.809E-02 5.028E-02 5.058E-02 5.833E-02 5.164E-02 5.835E-02
1Ru 5.777TE-02 5.786E-02 5.785E-02 5.804E-02 5.814E-02 5.803E-02 5.802E-02 5.028E-02 5.059E-02 5.819E-02 5.137E-02 5.825E-02
103Rh 5.766E-02 5.778E-02 5.777E-02 5.793E-02 5.813E-02 5.791E-02 5.789E-02 5.017E-02 5.041E-02 5.808E-02 5.152E-02 5.817E-02
109Ag 5.791E-02 5.804E-02 5.802E-02 5.818E-02 5.838E-02 5.816E-02 5.817E-02 5.042E-02 5.074E-02 5.830E-02 5.174E-02 5.835E-02
133Cs 5.786E-02 5.795E-02 5.796E-02 5.813E-02 5.836E-02 5.811E-02 5.813E-02 5.034E-02 5.064E-02 5.826E-02 5.166E-02 5.834E-02
143Nd 5.756E-02 5.763E-02 5.763E-02 5.781E-02 5.793E-02 5.777E-02 5.773E-02 5.005E-02 5.026E-02 5.791E-02 5.134E-02 5.795E-02
145Nd 5.764E-02 5.767E-02 5.766E-02 5.786E-02 5.803E-02 5.783E-02 5.777E-02 5.013E-02 5.039E-02 5.802E-02 5.136E-02 5.804E-02
4Sm 5.783E-02 5.790E-02 5.789E-02 5.809E-02 5.829E-02 5.807E-02 5.803E-02 5.029E-02 5.060E-02 5.825E-02 5.153E-02 5.826E-02
48m 5.758E-02 5.769E-02 5.768E-02 5.784E-02 5.799E-02 5.781E-02 5.781E-02 5.005E-02 5.022E-02 5.800E-02 5.140E-02 5.798E-02
508m 5.755E-02 5.762E-02 5.762E-02 5.780E-02 5.794E-02 5.777E-02 5.773E-02 5.005E-02 5.028E-02 5.793E-02 5.129E-02 5.801E-02
51Sm | 5.748E-02 5.757E-02 5.757E-02 5.774E-02 5.788E-02 5.770E-02 5.771E-02 5.000E-02 5.021E-02 5.790E-02 5.130E-02 5.780E-02
52Sm | 5.789E-02 5.800E-02 5.799E-02 5.818E-02 5.831E-02 5.815E-02 5.811E-02 5.045E-02 5.081E-02 5.834E-02 5.175E-02 5.833E-02
153Eu 5.755E-02 5.767E-02 5.767E-02 5.782E-02 5.796E-02 5.780E-02 5.782E-02 5.009E-02 5.032E-02 5.796E-02 5.137E-02 5.807E-02
155Gd 5.751E-02 5.759E-02 5.759E-02 5.776E-02 5.795E-02 5.773E-02 5.772E-02 5.001E-02 5.018E-02 5.792E-02 5.132E-02 5.788E-02
5 5.783E-02 5.791E-02 5.790E-02 5.816E-02 6.436E-02 5.804E-02 5.801E-02 5.003E-02 5.009E-02 5.822E-02 5.133E-02 5.825E-02
6y 5.818E-02 5.828E-02 5.827E-02 5.846E-02 5.819E-02 5.844E-02 5.843E-02 5.053E-02 5.088E-02 5.863E-02 5.197E-02 5.859E-02
ZINp 5.760E-02 5.772E-02 5.771E-02 5.787E-02 5.805E-02 5.785E-02 5.785E-02 5.001E-02 5.021E-02 5.804E-02 5.143E-02 5.793E-02
8Py 5.744E-02 5.754E-02 5.753E-02 5.770E-02 5.788E-02 5.766E-02 5.769E-02 4.991E-02 5.006E-02 5.783E-02 5.124E-02 5.782E-02
9Py 5.725E-02 5.732E-02 5.732E-02 5.765E-02 5.761E-02 5.74TE-02 5.741E-02 4.935E-02 4.912E-02 5.763E-02 5.055E-02 5.750E-02
20Py 5.798E-02 5.810E-02 5.810E-02 5.825E-02 5.845E-02 5.823E-02 5.824E-02 5.038E-02 5.070E-02 5.840E-02 5.185E-02 5.842E-02
1Py 5.791E-02 5.794E-02 5.795E-02 5.823E-02 5.830E-02 5.808E-02 5.805E-02 5.000E-02 4.999E-02 5.826E-02 5.131E-02 5.820E-02
2Py 5.815E-02 5.826E-02 5.825E-02 5.841E-02 5.862E-02 5.839E-02 5.838E-02 5.036E-02 5.068E-02 5.855E-02 5.199E-02 5.862E-02
21Am 5.765E-02 5.776E-02 5.775E-02 5.791E-02 5.814E-02 5.789E-02 5.791E-02 5.008E-02 5.030E-02 5.804E-02 5.147E-02 5.809E-02
23Am 5.782E-02 5.795E-02 5.794E-02 5.810E-02 5.831E-02 5.808E-02 5.809E-02 5.016E-02 5.042E-02 5.829E-02 5.167E-02 5.816E-02
18 5.774E-02 5.785E-02 5.784E-02 5.800E-02 5.810E-02 5.797E-02 5.796E-02 5.019E-02 5.043E-02 5.811E-02 5.165E-02 5.815E-02
ALL 5.017E-02 5.012E-02 5.013E-02 N.R. N.R. 5.042E-02 5.014E-02 4.125E-02 4.031E-02 5.059E-02 4.304E-02 5.064E-02
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Table 29. Absorption rate on %0 ins™ (sub-phase 2)

EMS EMS ORNL VUJE
Coso | APOLL2 | TRPOL4 | wowps | SCALEBT | SCALES1 | pogrieecr | ycps | ORAGONGOSE | GMVRAl | SCALES! | gquos | SCALES:
281G Cont. Energy | Cont. Energy 238G 238G 238G Cont. Energy 238G 586/19G 238G

0 2.811E-05 2.831E-05 2.830E-05 2.816E-05 2.822E-05 2.745E-05 2.836E-05 2.824E-05 2.846E-05 2.823E-05 2.830E-05 2.841E-05
%Mo | 2.792E-05 2.810E-05 2.810E-05 2.795E-05 2.820E-05 2.725E-05 2.806E-05 2.812E-05 2.831E-05 2.797E-05 2.803E-05 2.772E-05
%Tc | 2.798E-05 2.817E-05 2.817E-05 2.803E-05 2.778E-05 2.732E-05 2.821E-05 2.815E-05 2.833E-05 2.809E-05 2.812E-05 2.805E-05
0Ru | 2.789E-05 2.807E-05 2.807E-05 2.792E-05 2.784E-05 2.723E-05 2.809E-05 2.811E-05 2.834E-05 2.798E-05 2.796E-05 2.832E-05
18Rh | 2.801E-05 2.820E-05 2.820E-05 2.805E-05 2.803E-05 2.734E-05 2.819E-05 2.814E-05 2.838E-05 2.808E-05 2.817E-05 2.788E-05
19Ag | 2.804E-05 2.824E-05 2.824E-05 2.808E-05 2.818E-05 2.738E-05 2.825E-05 2.820E-05 2.841E-05 2.810E-05 2.821E-05 2.796E-05
133Cs | 2.800E-05 2.819E-05 2.819E-05 2.803E-05 2.826E-05 2.733E-05 2.827E-05 2.816E-05 2.840E-05 2.808E-05 2.813E-05 2.785E-05
Nd | 2.794E-05 2.813E-05 2.812E-05 2.798E-05 2.77T4E-05 2.727E-05 2.807E-05 2.808E-05 2.828E-05 2.800E-05 2.808E-05 2.811E-05
“Nd | 2.794E-05 2.812E-05 2.812E-05 2.799E-05 2.799E-05 2.727E-05 2.810E-05 2.811E-05 2.831E-05 2.803E-05 2.806E-05 2.806E-05
“Sm | 2.803E-05 2.822E-05 2.821E-05 2.809E-05 2.796E-05 2.736E-05 2.826E-05 2.818E-05 2.839E-05 2.819E-05 2.819E-05 2.827E-05
498m | 2.798E-05 2.816E-05 2.816E-05 2.803E-05 2.785E-05 2.730E-05 2.825E-05 2.810E-05 2.835E-05 2.800E-05 2.814E-05 2.792E-05
15%0Sm | 2.792E-05 2.810E-05 2.810E-05 2.796E-05 2.780E-05 2.725E-05 2.817E-05 2.810E-05 2.826E-05 2.804E-05 2.806E-05 2.802E-05
151Sm | 2.793E-05 2.810E-05 2.811E-05 2.795E-05 2.818E-05 2.725E-05 2.816E-05 2.806E-05 2.829E-05 2.804E-05 2.808E-05 2.793E-05
152Sm | 2.805E-05 2.824E-05 2.824E-05 2.810E-05 2.811E-05 2.738E-05 2.825E-05 2.820E-05 2.840E-05 2.814E-05 2.822E-05 2.797E-05
183Eu | 2.800E-05 2.819E-05 2.818E-05 2.806E-05 2.814E-05 2.733E-05 2.820E-05 2.814E-05 2.833E-05 2.810E-05 2.816E-05 2.787E-05
%5Gd | 2.793E-05 2.810E-05 2.811E-05 2.797E-05 2.765E-05 2.725E-05 2.818E-05 2.806E-05 2.823E-05 2.807E-05 2.808E-05 2.762E-05
5 3.037E-05 3.059E-05 3.058E-05 3.063E-05 3.062E-05 2.966E-05 3.056E-05 3.071E-05 3.083E-05 3.044E-05 3.056E-05 3.041E-05
6y 2.804E-05 2.825E-05 2.825E-05 2.807E-05 2.821E-05 2.738E-05 2.830E-05 2.817E-05 2.841E-05 2.810E-05 2.822E-05 2.829E-05
ZNp | 2.801E-05 2.820E-05 2.820E-05 2.806E-05 2.801E-05 2.734E-05 2.817E-05 2.814E-05 2.833E-05 2.811E-05 2.818E-05 2.793E-05
#8py | 2.801E-05 2.819E-05 2.820E-05 2.806E-05 2.791E-05 2.733E-05 2.824E-05 2.814E-05 2.834E-05 2.807E-05 2.817E-05 2.790E-05
2Py | 3.278E-05 3.302E-05 3.299E-05 3.326E-05 3.302E-05 3.130E-05 3.298E-05 3.260E-05 3.245E-05 3.296E-05 3.367E-05 3.279E-05
0Py | 2.807E-05 2.826E-05 2.826E-05 2.813E-05 2.824E-05 2.740E-05 2.819E-05 2.819E-05 2.842E-05 2.820E-05 2.825E-05 2.814E-05
2Py | 3.144E-05 3.166E-05 3.166E-05 3.182E-05 3.161E-05 3.034E-05 3.157E-05 3.150E-05 3.158E-05 3.149E-05 3.237E-05 3.117E-05
2Py | 2.809E-05 2.828E-05 2.828E-05 2.814E-05 2.816E-05 2.742E-05 2.830E-05 2.820E-05 2.844E-05 2.826E-05 2.827E-05 2.786E-05
21Am | 2.802E-05 2.821E-05 2.821E-05 2.807E-05 2.819E-05 2.734E-05 2.829E-05 2.814E-05 2.838E-05 2.802E-05 2.818E-05 2.817E-05
2Am | 2.807E-05 2.82TE-05 2.826E-05 2.813E-05 2.814E-05 2.740E-05 2.831E-05 2.818E-05 2.841E-05 2.812E-05 2.825E-05 2.805E-05
18 2.799E-05 2.817E-05 2.818E-05 2.802E-05 2.794E-05 2.732E-05 2.818E-05 2.812E-05 2.828E-05 2.800E-05 2.810E-05 2.783E-05
ALL N.R. 3.170E-05 3.171E-05 N.R. N.R. 2.949E-05 3.105E-05 3.141E-05 3.083E-05 3.099E-05 3.151E-05 3.168E-05
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Table 30. Scattering rate on 0 in s (sub-phase 2)

EMS EMS ORNL VUJE
coe | rp0lior | PO | wowps | SOEET | SCUERT | pomomesr | wows | DRAGOWSE | GRS | cuuos | SOLEE
. gy | Cont. Energy 238G 238G 238G Cont. Energy 238G 586/19G 238G

0 4.190E-02 4.175E-02 4.175E-02 4.165E-02 4.181E-02 4.167E-02 4.188E-02 4.117E-02 4.155E-02 4.182E-02 3.963E-02 4.186E-02
%Mo | 4.146E-02 4.131E-02 4.131E-02 4.122E-02 4.137E-02 4.124E-02 4.141E-02 4.084E-02 4.113E-02 4.139E-02 3.921E-02 4.135E-02
%Tc | 4.137E-02 4.124E-02 4.124E-02 4.115E-02 4.091E-02 4.117E-02 4.136E-02 4.076E-02 4.104E-02 4.136E-02 3.916E-02 4.138E-02
0Ru | 4.139E-02 4.128E-02 4.128E-02 4.119E-02 4.130E-02 4.121E-02 4.141E-02 4.080E-02 4.111E-02 4.136E-02 3.904E-02 4.138E-02
13Rh | 4.125E-02 4.110E-02 4.111E-02 4.101E-02 4.121E-02 4.103E-02 4.122E-02 4.065E-02 4.088E-02 4 117E-02 3.904E-02 4.124E-02
19Ag | 4.145E-02 4.131E-02 4.131E-02 4.122E-02 4.139E-02 4.123E-02 4.143E-02 4.086E-02 4.117E-02 4.136E-02 3.922E-02 4.138E-02
13Cs | 4.141E-02 4.126E-02 4.127E-02 4.118E-02 4.137E-02 4.120E-02 4.140E-02 4.081E-02 4.110E-02 4.134E-02 3.918E-02 4.141E-02
Nd | 4.113E-02 4.097E-02 4.098E-02 4.089E-02 4.102E-02 4.090E-02 4.107E-02 4.054E-02 4.074E-02 4.103E-02 3.889E-02 4.106E-02
5Nd | 4.122E-02 4.107E-02 4.108E-02 4.101E-02 4117E-02 4.102E-02 4 117E-02 4.066E-02 4.090E-02 4 117E-02 3.897E-02 4 117E-02
“Sm | 4.133E-02 4.122E-02 4.123E-02 4.115E-02 -1.692E-02 4.117E-02 4.134E-02 4.080E-02 4.110E-02 4.132E-02 3.913E-02 4.132E-02
498m | 4.118E-02 4.103E-02 4.104E-02 4.094E-02 4.108E-02 4.095E-02 4.114E-02 4.054E-02 4.071E-02 4.111E-02 3.894E-02 4.107E-02
15%0Sm | 4.115E-02 4.099E-02 4.099E-02 4.091E-02 4.104E-02 4.092E-02 4.109E-02 4.057E-02 4.079E-02 4.107E-02 3.887E-02 4.110E-02
151Sm | 4.108E-02 4.092E-02 4.093E-02 4.084E-02 4.100E-02 4.085E-02 4.104E-02 4.049E-02 4.069E-02 4.101E-02 3.884E-02 4.098E-02
152Sm | 4.146E-02 4.132E-02 4.132E-02 4.125E-02 4.137E-02 4.126E-02 4.142E-02 4.088E-02 4.121E-02 4.141E-02 3.925E-02 4.139E-02
18Eu | 4.117E-02 4.103E-02 4.104E-02 4.094E-02 4.109E-02 4.096E-02 4.114E-02 4.060E-02 4.082E-02 4.110E-02 3.894E-02 4.117E-02
%5Gd | 4.111E-02 4.095E-02 4.095E-02 4.087E-02 4.104E-02 4.087E-02 4.106E-02 4.049E-02 4.066E-02 4.102E-02 3.886E-02 4.101E-02
5 4.130E-02 4.111E-02 4.112E-02 4.108E-02 4.125E-02 4.104E-02 4.121E-02 4.073E-02 4.079E-02 4.117E-02 3.894E-02 4.121E-02
6y | 4.167E-02 4.153E-02 4.153E-02 4.145E-02 4.123E-02 4.147E-02 4.166E-02 4.098E-02 4.132E-02 4.162E-02 3.944E-02 4.158E-02
ZNp | 4.121E-02 4.108E-02 4.108E-02 4.098E-02 4.115E-02 4.100E-02 4.119E-02 4.053E-02 4.073E-02 4.116E-02 3.899E-02 4.108E-02
%8Py | 4.105E-02 4.090E-02 4.090E-02 4.082E-02 4.096E-02 4.082E-02 4.101E-02 4.042E-02 4.058E-02 4.096E-02 3.881E-02 4.095E-02
2Py | 4.073E-02 4.052E-02 4.052E-02 4.054E-02 4.056E-02 4.048E-02 4.060E-02 4.028E-02 4.010E-02 4.058E-02 3.832E-02 4.052E-02
0Py | 4.153E-02 4.139E-02 4.140E-02 4.130E-02 4.147E-02 4.132E-02 4.151E-02 4.083E-02 4.113E-02 4.146E-02 3.932E-02 4.148E-02
2Py | 4.131E-02 4.111E-02 4.112E-02 4.110E-02 4.118E-02 4.102E-02 4.121E-02 4.075E-02 4.076E-02 4.119E-02 3.892E-02 4 117E-02
2Py | 4.166E-02 4.152E-02 4.152E-02 4.143E-02 4.163E-02 4.144E-02 4.163E-02 4.081E-02 4.110E-02 4.158E-02 3.943E-02 4.164E-02
21Am | 4.124E-02 4.110E-02 4.110E-02 4.100E-02 4.119E-02 4.102E-02 4.122E-02 4.057E-02 4.078E-02 4.115E-02 3.900E-02 4.119E-02
2Am | 4.140E-02 4.126E-02 4.127E-02 4.117E-02 4.136E-02 4.119E-02 4.138E-02 4.065E-02 4.091E-02 4.136E-02 3.918E-02 4.126E-02
18 4.132E-02 4 117E-02 4.117E-02 4.108E-02 4.119E-02 4.109E-02 4.126E-02 4.065E-02 4.088E-02 4.122E-02 3.906E-02 4.123E-02
ALL N.R. 3.477E-02 3.478E-02 N.R. N.R. 3.479E-02 3.480E-02 3.394E-02 3.317E-02 3.492E-02 3.276E-02 3.495E-02

29100 W/OSN/VAN



NEA/NSC/R(2016)2

Figure 22. Relative difference in the BUC absorption rate for cases 1 to 14 of sub-phase 2
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Figure 23. Relative difference in the BUC absorption rate for cases 15 to 27 of sub-phase 2
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Relative difierence compared with TRIPCOLM reference values (%)

Relative difference compared with TRIPOLI4 reference values (%)

Figure 24. Relative difference in the BUC production rate for cases 16 to 27 of sub-phase 2
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Figure 25. Relative difference in the BUC scattering rate for cases 1 to 14 of sub-phase 2
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Figure 26. Relative difference in the BUC scattering rate for cases 15 to 27 of sub-phase 2
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Table 31. Absorption rate on the BUC nuclide in ! (sub-phase 2)

EMS EMS ORNL VUJE
Case | APOLLOZ | TRPOLS | nowps | SCALEB1 | SCALEST | pogrieeer | yups | DRACONISF | GMVRdl | SCALEST | gyqio; | SCALESS
281G Cont. Energy | Cont. Energy 238G 238G 238G Cont. Energy 238G 586/19G 238G
%Mo | 2.778E-03 2.760E-03 2.759E-03 2.732E-03 2.732E-03 2.740E-03 2.761E-03 2.310E-03 2.357E-03 2.737E-03 2.864E-03 2.733E-03
%Tc | 3.413E-03 3.367E-03 3.373E-03 3.334E-03 3.266E-03 3.346E-03 3.378E-03 2.977E-03 2.995E-03 3.345E-03 3.285E-03 3.337E-03
0Ru | 3.591E-03 3.356E-03 3.356E-03 3.296E-03 3.288E-03 3.307E-03 3.373E-03 2.710E-03 2.721E-03 3.306E-03 4.547E-03 3.322E-03
18Rh | 4.060E-03 4.039E-03 4.042E-03 4.000E-03 4.036E-03 4.014E-03 4.082E-03 3.491E-03 3.516E-03 4.006E-03 3.862E-03 4.019E-03
19Ag | 2.851E-03 2.805E-03 2.807E-03 2.771E-03 2.794E-03 2.782E-03 2.825E-03 2.202E-03 2.221E-03 2.782E-03 2.757TE-03 2.802E-03
13Cs | 3.159E-03 3.126E-03 3.128E-03 3.088E-03 3.099E-03 3.099E-03 3.140E-03 2.578E-03 2.603E-03 3.095E-03 3.156E-03 3.087E-03
Nd | 4.430E-03 4.434E-03 4.427E-03 4.400E-03 4.394E-03 4.410E-03 4.441E-03 4.056E-03 4.146E-03 4.410E-03 4.425E-03 4.387E-03
5Nd | 4.167E-03 4.067E-03 4.061E-03 4.009E-03 4.023E-03 4.020E-03 4.078E-03 3.534E-03 3.598E-03 4.014E-03 4.287E-03 4.016E-03
WSm | 3.622E-03 3.379E-03 3.377E-03 3.295E-03 3.310E-03 3.305E-03 3.393E-03 2.604E-03 2.628E-03 3.300E-03 3.477E-03 3.299E-03
498m | 4.191E-03 4.174E-03 4.171E-03 4.165E-03 4.163E-03 4.169E-03 4.207E-03 4.100E-03 4.193E-03 4.182E-03 4.157E-03 4.174E-03
150Sm | 4.519E-03 4 .516E-03 4.510E-03 4.484E-03 4.494E-03 4.495E-03 4.521E-03 4.055E-03 4.136E-03 4.496E-03 4.778E-03 4.484E-03
151Sm | 4.581E-03 4 597E-03 4.587E-03 4.566E-03 4.584E-03 4.574E-03 4 578E-03 4.292E-03 4.387E-03 4.572E-03 4.595E-03 4.580E-03
152Sm | 2.589E-03 2.555E-03 2.549E-03 2.557E-03 2.563E-03 2.561E-03 2.560E-03 1.920E-03 1.953E-03 2.558E-03 2.519E-03 2.551E-03
18Eu | 4.614E-03 4.525E-03 4.525E-03 4.500E-03 4.517E-03 4.512E-03 4.589E-03 3.906E-03 3.963E-03 4.515E-03 4.522E-03 4.513E-03
%5Gd | 4.397E-03 4.417E-03 4.406E-03 4.380E-03 4.389E-03 4.388E-03 4.394E-03 4.258E-03 4.356E-03 4.388E-03 4.413E-03 4.374E-03
5y 1.327E-02 1.326E-02 1.324E-02 1.321E-02 1.320E-02 1.321E-02 1.327E-02 1.317E-02 1.317E-02 1.320E-02 1.324E-02 1.323E-02
6y 1.720E-03 1.674E-03 1.675E-03 1.620E-03 1.615E-03 1.624E-03 1.680E-03 1.539E-03 1.551E-03 1.620E-03 1.590E-03 1.624E-03
ZTNp | 4.389E-03 4.357E-03 4.353E-03 4.300E-03 4.308E-03 4.311E-03 4.373E-03 4.423E-03 4.464E-03 4.311E-03 4.299E-03 4.300E-03
%8Py | 5.101E-03 5.092E-03 5.084E-03 5.056E-03 5.063E-03 5.065E-03 5.083E-03 5.017E-03 5.108E-03 5.070E-03 5.090E-03 5.092E-03
2Py | 1.790E-02 1.780E-02 1.778E-02 1.773E-02 1.773E-02 1.773E-02 1.786E-02 1.787E-02 1.733E-02 1.772E-02 1.784E-02 1.771E-02
0Py | 2.270E-03 2.237E-03 2.240E-03 2.214E-03 2.191E-03 2.224E-03 2.251E-03 2.222E-03 2.197E-03 2.205E-03 2.125E-03 2.229E-03
2Py | 1.180E-02 1.174E-02 1.173E-02 1.169E-02 1.172E-02 1.171E-02 1.178E-02 1.175E-02 1.164E-02 1.169E-02 1.176E-02 1.168E-02
%Py | 1.586E-03 1.550E-03 1.550E-03 1.547E-03 1.544E-03 1.551E-03 1.570E-03 2.494E-03 2.432E-03 1.533E-03 1.465E-03 1.570E-03
21Am | 4.075E-03 4.054E-03 4.053E-03 4.027E-03 4.023E-03 4.038E-03 4.089E-03 4.020E-03 4.066E-03 4.035E-03 4.039E-03 4.023E-03
23Am | 3.337E-03 3.262E-03 3.265E-03 3.219E-03 N.R. 3.228E-03 3.281E-03 3.612E-03 3.588E-03 3.229E-03 3.165E-03 3.215E-03
18 3.375E-03 3.377E-03 3.372E-03 3.358E-03 3.357E-03 3.367E-03 3.383E-03 3.303E-03 3.391E-03 3.366E-03 3.362E-03 3.371E-03
ALL | 5.344E-02 5.055E-02 5.060E-02 N.R. N.R. 5.270E-02 5.304E-02 5.603E-02 5.113E-02 5.265E-02 5.479E-02 N.R.
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Table 32. Production rate on the BUC nuclide in s™ (sub-phase 2)

EMS EMS ORNL VUJE
Coso | APOLLOZ | TRPOL4 | wowps | SCALEBT | SCALESI | pogrieeer | ycps | ORAGONGOSE | GMVRdl || SCALEST | gquos | SCALES:

281G Cont. Energy | Cont. Energy 238G 238G 238G Cont. Energy 238G 586/19G 238G
5 2.684E-02 2.681E-02 2.678E-02 2.671E-02 2.669E-02 2.671E-02 2.684E-02 2.661E-02 2.660E-02 2.669E-02 2.677E-02 2.675E-02
26 3.331E-04 3.345E-04 3.344E-04 3.298E-04 3.308E-04 3.256E-04 3.346E-04 3.929E-04 3.947E-04 3.327E-04 3.283E-04 3.342E-04
ZINp | 1.521E-04 1.534E-04 1.534E-04 1.519E-04 1.537E-04 1.501E-04 1.534E-04 1.527E-04 1.535E-04 1.535E-04 1.526E-04 1.530E-04
28Py | 7.339E-04 7.348E-04 7.317E-04 7.361E-04 7.381E-04 7.351E-04 7.313E-04 7.314E-04 7.397E-04 7.391E-04 7.426E-04 7.403E-04
29Py | 3.461E-02 3.443E-02 3.439E-02 3.430E-02 3.429E-02 3.430E-02 3.452E-02 3.459E-02 3.354E-02 3.427E-02 3.456E-02 3.427E-02
0Py | 2.922E-05 2.940E-05 2.941E-05 2.917E-05 2.950E-05 2.885E-05 2.942E-05 2.918E-05 2.935E-05 2.945E-05 2.922E-05 2.94TE-05
2Py | 2.565E-02 2.553E-02 2.551E-02 2.543E-02 2.549E-02 2.545E-02 2.562E-02 2.557E-02 2.536E-02 2.543E-02 2.558E-02 2.539E-02
2Py | 1.861E-04 1.876E-04 1.875E-04 1.856E-04 1.879E-04 1.833E-04 1.876E-04 1.874E-04 1.885E-04 1.877E-04 1.869E-04 1.880E-04
2'Am | 1.145E-04 1.144E-04 1.144E-04 1.135E-04 1.139E-04 1.130E-04 1.151E-04 1.138E-04 1.147E-04 1.140E-04 1.135E-04 1.139E-04
23Am | 1.203E-04 1.209E-04 1.209E-04 1.197E-04 N.R. 1.182E-04 1.210E-04 1.218E-04 1.223E-04 1.209E-04 1.197E-04 1.207E-04

ALL 3.133E-02 2.975E-02 2.976E-02 N.R. N.R. 3.141E-02 3.155E-02 2.984E-02 2.684E-02 3.142E-02 3.132E-02 N.R.
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Table 33. Scattering rate on the BUC nuclide in s™ (sub-phase 2)

EMS EMS ORNL VUJE
aso | APOLLCR | TROLM | owps | SCALEBT | SCMLEGT | popiopesr | ycnps | DRAGONGOSF | GMVPI | SCALEST | gygo | SCALES
281G Cont. Energy | Cont. Energy 238G 238G 238G Cont. Energy 238G 586/19G 238G
%Mo | 7.942E-03 7.909E-03 7.955E-03 7.887E-03 7.902E-03 7.888E-03 7.964E-03 6.274E-03 6.276E-03 7.921E-03 8.405E-03 7.906E-03
®Tc | 3.581E-03 3.572E-03 3.580E-03 3.557E-03 3.545E-03 3.556E-03 3.588E-03 3.144E-03 3.155E-03 3.577E-03 3.061E-03 3.578E-03
0Ru | 9.514E-03 9.490E-03 9.515E-03 9.441E-03 9.465E-03 9.439E-03 9.544E-03 7.872E-03 7.911E-03 9.477E-03 8.203E-03 9.481E-03
18Rh | 6.578E-04 6.594E-04 6.595E-04 6.555E-04 6.589E-04 6.551E-04 6.610E-04 5.399E-04 5.418E-04 6.582E-04 5.044E-04 6.591E-04
19Ag | 7.472E-04 7.437E-04 7.444E-04 7.376E-04 7.423E-04 7.375E-04 7.456E-04 6.207E-04 6.173E-04 7.407E-04 6.190E-04 7.430E-04
13Cs | 2.341E-03 2.347E-03 2.34TE-03 2.311E-03 2.324E-03 2.307E-03 2.355E-03 1.953E-03 1.958E-03 2.321E-03 1.944E-03 2.322E-03
“Nd | 3.442E-03 3.484E-03 3.485E-03 3.432E-03 3.430E-03 3.434E-03 3.497E-03 3.390E-03 3.417E-03 3.433E-03 3.593E-03 3.429E-03
“5Nd | 7.191E-03 7.064E-03 7.066E-03 7.026E-03 7.044E-03 7.023E-03 7.081E-03 6.419E-03 6.429E-03 7.024E-03 9.269E-03 7.070E-03
“Sm | 3.465E-03 3.302E-03 3.301E-03 3.237E-03 3.254E-03 3.238E-03 3.306E-03 3.193E-03 3.174E-03 3.245E-03 4.323E-03 3.242E-03
498m | 3.808E-05 3.796E-05 3.798E-05 3.797E-05 3.793E-05 3.799E-05 3.835E-05 3.697E-05 3.754E-05 3.808E-05 3.694E-05 3.804E-05
15%Sm | 5.018E-03 4.992E-03 5.000E-03 4.915E-03 4.921E-03 4.915E-03 5.011E-03 5.418E-03 5.415E-03 4.926E-03 5.617E-03 4.927E-03
5Sm | 6.173E-05 6.161E-05 6.166E-05 6.147E-05 6.167E-05 6.148E-05 6.174E-05 5.766E-05 5.809E-05 6.159E-05 5.759E-05 6.150E-05
152Sm | 2.750E-03 2.664E-03 2.660E-03 2.688E-03 2.705E-03 2.688E-03 2.671E-03 2.163E-03 2.116E-03 2.688E-03 2.710E-03 2.674E-03
18Eu | 6.367E-04 6.938E-04 6.344E-04 6.347E-04 6.362E-04 6.343E-04 6.379E-04 5.651E-04 5.667E-04 6.365E-04 5.763E-04 6.376E-04
55Gd | 1.264E-05 1.263E-05 1.262E-05 1.256E-05 1.260E-05 1.256E-05 1.265E-05 1.160E-05 1.174E-05 1.260E-05 1.185E-05 1.256E-05
5 1.681E-03 1.678E-03 1.679E-03 1.674E-03 1.678E-03 1.671E-03 1.683E-03 1.485E-03 1.487E-03 1.675E-03 1.490E-03 1.677E-03
26 6.547E-03 6.378E-03 6.379E-03 6.305E-03 6.277E-03 6.304E-03 6.391E-03 6.417E-03 6.446E-03 6.322E-03 6.473E-03 6.315E-03
ZNp | 1.139E-03 1.138E-03 1.138E-03 1.134E-03 1.137E-03 1.134E-03 1.141E-03 1.017E-03 1.022E-03 1.137E-03 1.022E-03 1.136E-03
8Py | 1.064E-03 1.061E-03 1.062E-03 1.049E-03 1.051E-03 1.049E-03 1.065E-03 9.801E-04 9.838E-04 1.053E-03 9.855E-04 1.051E-03
%Py | 1.080E-03 1.079E-03 1.080E-03 1.076E-03 1.075E-03 1.074E-03 1.082E-03 9.085E-04 9.042E-04 1.076E-03 9.320E-04 1.074E-03
0Py | 2.944E-04 2.935E-04 2.939E-04 2.918E-04 2.895E-04 2.923E-04 2.946E-04 2.601E-04 2.562E-04 2.913E-04 2.711E-04 2.941E-04
2Py | 5.961E-04 5.947E-04 5.945E-04 5.936E-04 5.940E-04 5.922E-04 5.959E-04 5.129E-04 5.124E-04 5.935E-04 5.144E-04 5.931E-04
2Py | 1.751E-03 1.742E-03 1.744E-03 1.722E-03 1.728E-03 1.723E-03 1.751E-03 1.809E-03 1.805E-03 1.726E-03 1.719E-03 1.731E-03
2Am | 2.814E-04 2.809E-04 2.811E-04 2.800E-04 2.810E-04 2.801E-04 2.819E-04 2.462E-04 2.473E-04 2.808E-04 2.405E-04 2.810E-04
2Am | 8.619E-04 8.594E-04 8.599E-04 8.558E-04 N.R. 8.559E-04 8.621E-04 7.607E-04 7.628E-04 8.591E-04 6.903E-04 8.565E-04
0B 1.554E-05 1.550E-05 1.554E-05 1.545E-05 1.550E-05 1.545E-05 1.557E-05 1.401E-05 1.408E-05 1.551E-05 1.408E-05 1.551E-05
ALL | 5.160E-02 5.096E-02 5.103E-02 N.R. N.R. 5.083E-02 5.121E-02 4.861E-02 4.715E-02 5.097E-02 4.925E-02 N.R.
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3.2.4 Reactivity worth
3.2.4.1 Eigen value difference method

Reactivity worth calculated by the eigen value difference method are presented in Figures
27 and 28, with the calculated values reported in Table 34.

As observed in sub-phase 1, most of the trends on reactivity worth are similar to the ones
of absorption and production rate of the BUC nuclide.

The best agreement with TRIPOLI4 is obtained by SCALEG6 calculations from ORNL and
EMS, and also DORTOREST calculations from GRS with differences within 2% for most
cases. More complications are observed for the calculation of cases 27 to 29.

For the case 27, which considers the addition of all BUC nuclides into the central fuel cell,
most of calculations overestimate the reactivity worth by more than 5%, while they all succeed
in sub-phase 1. Even the MCNP5 calculations by GRS differ by more than 7% compared with
MCNPS5 calculations by CEA. Such differences could have occurred in the definition of input
data for the codes, from either CEA or GRS, possibly due to a misunderstanding in the
benchmark definition as it was asked to consider the sum of all BUC nuclides of cases 1 to 25
with the corresponding concentrations. A possible mistake could have occurred with *°U,
which was asked to replace the initial fuel concentration of 1.764E-4 by 6.900E-4, and not to
be added. Nevertheless, errors observed on this case are not so important as this kind of fuel is
non-physical due to the impossibility of manufacturing a fuel that contains such a sum of BUC
nuclides (the corresponding density is higher than what is possible to achieve), not even in
pile-oscillation experiments. The idea behind this case was to test the limit of calculation codes
in situations where self-shielding effects are maximised with interactions between several
nuclides. The conclusions is that VUJE calculations based on SCALE6 and CEA calculations
based on APOLLO?2 are still in good agreement with TRIPOLI4.

For the case 28, where the central fuel is replaced by an equivalent volume of air,
DORTOREST, CASMOS and APOLLO?2 calculations give the best results with an agreement
better than 1% with TRIPOLI4. Quite good results are also obtained with DRAGON3 and
GMVP-II which are overestimated by around 3%. SCALEG6 calculations are in less good
agreement with TRIPOLI4 as they overestimate the reactivity worth, as calculated using
TRIPOLI4, by more than 4%.

The same trends are observed in case 29 where the fuel is substituted by light water: only
APOLLO2 and CASMOS are able to calculate the reactivity worth within 2%. Concerning the
comparison between DRAGON3 and GMVP-II, it seems that the use of Monte Carlo improves
the agreement with TRIPOLI4 which means that apart from the energy group structure of the
library which is used, there is a clear dependency of the kind of solver which is used on the
calculated value for the reactivity worth. Other codes overestimate the reactivity worth by
around 7%, when compared with TRIPOLI4 results.
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Figure 27. Relative difference in the reactivity worth by the eigen-value difference method for
cases 1 to 15 of sub-phase 2

Reactivity Variation (Eigen Value Difference Method)
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Figure 28. Relative difference in the reactivity worth by the eigen-value difference method for
cases 16 to 29 of sub-phase 2
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Table 34. Reactivity worth by the eigen-value difference method in pcm (sub-phase 2)

EMS EMS ORNL VUJE
cre | apotice | Tmeolu | owes | SGUEBT | SOUES! | oomomesr | wows | ORAGOWSE | IR | SCUEL | ouuos | SASE
ont. Energy | Cont. Energy 238G 238G 238G Cont. Energy 238G 586/19G 238G
Mo -226.2 224120) | -223.0(04) 2238 -225.8(4.5) -224.6 -226.2(5.2) -200.2 202.5(14) | -218.2(74) -231 -228.0(23.1)
®Tc -270.9 271420) | -267.1(04) -266.4 -268.5(4.5) -267.8 -263.4(5.2) -248.8 2489(14) | -260.8(7.4) -263 -285.0(22.5)
101Ry -280.5 -263.8(2.0) | -258.5(0.4) -256.9 -263.3(4.5) -258 -261.8(5.2) -216.3 2159(14) | -266.8(7.4) -352 -242.0(23.1)
103Rh -343 -343920) | -341.1(04) -340.9 -338.9(4.5) -342.7 -337.8(5.2) -299.8 299.8(14) | -346.0(7.4) -326 -315.0(24.2)
Ag | -2326 -2315(20) | -229.0(04) 2285 -233.1(4.5) -229.7 -226.8(5.2) -190.9 189.7(14) | -2395(7.4) -226 -243.0(23.1)
wCs | -250.1 2512(20) | -247.2(04) -246.8 -255.3(4.5) -248.1 -248.7(5.2) 2174 2189(14) | -2476(7.4) -250 -217.0(22.8)
wNd | -3714 373.9(20) | -369.2(04) 3716 -376.5(4.5) 3727 -376.6(5.2) -3475 -350.2(14) | -375.0(7.4) -370 -389.0(23.9)
wNd | -343.7 337.8(20) | -332.7(04) -3325 -334.1(4.5) -333.7 -339.9(5.2) -304.8 -307.4(14) | -337.6(7.4) -350 -343.0(24.2)
wSm | -292.4 272120) | -269.7(04) -266.6 -268.5(4.5) -267.7 -268.6(5.2) 2222 2227(14) | -265.7(7.4) 275 -258.0(23.8)
uSm | -353.6 -355.5(2.0) | -351.5(0.4) -354.7 -355.3(4.5) -355.4 -354.6(5.2) -353.4 -358.0(1.4) 356.3(7.4) -350 -346.0(23.2)
5Sm | -367.6 -367.42.0) | -364.4(04) -366.3 -365.9(4.5) -367.5 -365.6(5.2) -355.6 -359.4(14) | -378.2(74) -394 -366.0(25.0)
51Sm | -382.3 384.22.0) | -382.1(0.4) -384.5 -385.0(4.5) -385.5 -372.4(5.2) -365.8 -368.0(14) | -383.3(7.4) -383 -382.0(23.2)
wSm | -205.3 204.3(20) | -201.8(04) -205.8 -209.4(4.5) -206.6 -200.1(5.2) -189.5 191.6(14) | -206.8(7.4) -201 -195.0(22.8)
Ey | -378.1 -3741(20) | -370.6(0.4) 3716 -375.5(4.5) -373.1 -383.5(5.2) -3218 -324.3(14) | -370.8(7.4) -370 -356.0(23.5)
55Gd | -367.8 -3718(20) | -367.3(04) -369.6 -377.6(4.5) -370.5 -362.5(5.2) -364.2 -369.3(14) | -369.3(7.4) -368 -372.0(23.9)
25 2224 2215(2.0) 222.5(0.4) 2231 218.6(4.4) 2245 223.3(5.1) 216.6 2257(14) | 217.2(7.3) 224 233.0(22.6)
28| -117.9 117.6(20) | -113.9(04) 1119 -113.5(4.5) 1125 111.4(5.2) -100.2 -101.4(1.4) 116.8(7.4) -108 -116.0(23.1)
wiNp | 3537 351.32.0) | -349.8(0.4) -349 -351.3(4.5) -350.5 -350.9(5.2) -362.9 -366.7(14) | -357.8(7.4) -346 -353.0(23.5)
8Py -386.5 -387.5(2.0) | -384.4(0.4) -386.2 -390.2(4.5) -387.1 -386.6(5.2) -387.3 -387.9(14) | -388.2(7.4) -384 -377.0(22.8)
29py 306.2 305.5(2.0) 305.3(0.4) 307.3 306.0(4.4) 305.3 307.9(5.1) 299.8 309.2(1.4) 308.4(7.3) 310 304.0(23.3)
0py | -190.2 -188.2(20) | -187.1(04) -187.2 -188.6(4.5) -188.4 -193.8(5.2) -189.9 184.9(14) | -189.3(7.4) 178 -210.0(24.2)
u1py 351.8 351.1(2.0) 350.4(0.4) 3522 347.6(4.4) 3535 360.4(5.1) 350.2 360.9(14) | 348.2(7.3) 354 361.0(23.6)
Py | 1219 41208(20) | -118.2(04) 1197 -121.5(4.5) 1204 111.4(5.2) -202.6 197.8(14) | -123.3(7.4) 112 -137.0(23.4)
#pm | -336.3 -336.1(20) | -334.0(0.4) -335.2 -335.0(4.5) -336.7 -335.7(5.2) -338 -337.8(14) | -343.1(7.4) -333 -312.0(22.5)
23/m | -2685 -264.92.0) | -261.8(04) -261 -258.5(4.5) -262.4 -260.3(5.2) -297.1 2933(14) | -263.7(74) -254 -280.0(23.5)
18 -282.3 -2836(2.0) | -281.3(04) -283.4 -288.1(4.5) -284.5 -281.2(5.2) -282.2 289.6(14) | -286.8(7.4) -279 -297.0(23.5)
ALL -2598.7 -2555.4(2.1) -2558.3(0.5) -2780 2768.0(4.6) 2777 -2757.0(5.3) -3124 -2819.8(1.8) | -2770.0(7.6) -2932 -2521.0(25.0)
Air 3177 319.8(2.0) 321.9(0.4) 334.1 330.2(4.4) 3185 321.8(5.1) 331 329.0(1.4) 334.9(7.3) 322 347.0(22.9)
LW 360 359.8(2.0) 363.8(0.4) 384.6 387.6(4.4) 386.7 361.4(5.1) 386.5 3727(14) | 386.4(7.3) 367 390.0(22.6)
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3.2.4.2 Perturbation method

Comparisons of reactivity worth calculation based on perturbation are illustrated in Figures 29
and 30 while the calculated values are reported in Table 35. Comparisons are still performed
relative to TRIPOLI4 calculations based on the eigen value difference method.

Compared with sub-phase 1, a less good agreement is observed for GRS calculations
based on the MCNPS5 differential operator method. While in the case of thermal absorbers like
9Sm and ' Gd where the agreement is better than 2%, other cases are underestimated by 5 to
15%. Moreover, results were not provided for cases 28 and 29, probably because the method is
not adapted to evaluate reactivity worth in the case of material substitution. The same is
observed for SCALEG6 calculations by EMS, which are even more discrepant compared with
TRIPOLI4 in sub-phase 2 than in sub-phase 1, with underestimations ranging from 5 to 20%.
The best agreement is still obtained from APOLLO2 exact perturbation calculations. For some
BUC nuclides, an overestimation of a few percents remain, especially for '*'Ru and '*’Sm, but
this trend was already observed on the eigen value difference method which means that it is
not linked to use of the perturbation method. DRAGON3 and GMVP-II calculations show
quite satisfactory results for actinides where the agreement is mostly under 4% but still
underestimate the fission product reactivity worth by more than 10%. However, like for
APOLLO?2, the same trend was observed in the eigen value difference method which means
that given a finest group structure for the input library, calculations based on GMVP-II and
DRAGON3 would lead to equivalent accuracy than APOLLO?2.

Figure 29. Relative difference in the reactivity worth by
the perturbation method for cases 1 to 15 of sub-phase 2
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Figure 30. Relative difference in the reactivity worth by
the perturbation method for cases 16 to 29 of sub-phase 2
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3.2.4.3 Individual components

Like in sub-phase 1, comparisons of reactivity worth components are separated in two
different parts, depending on the definition used for the reactivity perturbation. Illustrations are
shown in Figures 31 and 32 for the cases of 25y, 2Py, *'Pu, AIR and LW where absorption,
production and scattering effects occur. The complete list of provided results is given in Tables
36 and 37.

Comparisons between APOLLO2, GMVP-II and DRAGON3 calculations, which all use
an exact perturbation formulation, show an excellent agreement for the cases of *°U, *’Pu and
1Py, like in sub-phase 1. The large differences observed on case 28 where UQ, is substituted
by air, is due to a problem of sign on the individual components. The production term should
be negative as the fission component is included in the reference case 0 which is used to
evaluate the reactivity worth. After a renormalisation of the values obtained by DRAGON3
and GMVP-II, we find a 6% overestimation of the DRAGON3 individual components
compared with APOLLO2 and less than 3% using GMVP-II. The remaining disagreement may
come from the scattering component which is given almost negligible in both DRAGON3 and
GMVP-II calculations while it contributes to more than 20% of the total reactivity worth in
APOLLO?2 calculations. The difference could be due to the Legendre polynomial order for the
treatment of scattering.

Comparisons between CEA, EMS and GRS calculations, projected on capture and fission
components show an excellent agreement between APOLLO2 and MCNPS5, contrary to what
was shown on sub-phase 1 where a systematic underprediction of the MCNP5 components of
4 to 10% was identified. This may be due to the better agreement observed on the total
reactivity worth obtained by the perturbation capabilities of MCNPS5 than the ones of SCALE6
in this benchmark. It is likely that the first order perturbation theory shows some limitations to
treat the situation of sub-phase 2 where the higher concentration of added isotopes involve a
much larger flux depression inside the fuel.
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Table 35. Reactivity worth by the perturbation method in pcm (sub-phase 2)

Case AP((:)EﬁOZ scihfseﬁ scihfseﬁ M%EE’S DRAG§N3°5 GMVP-I
281G P o | Cont Energy 69G 69G
WMo | 2264 1963 1975 2064 1903 1923
wTc | -2725 2216 2266 2326 2344 2339
Ry 281 2267 2294 2253 2101 2006
wRh | -3433 284 290 3237 2996 2088
wAg | -2335 A7 1795 1% 775 1775
wCs | 2518 2125 2147 218 205 2053
wNd | 3718 3396 3393 3672 3463 3496
wNd | -3443 3043 3067 3006 2903 2926
wSm | 2931 2133 2156 2462 2111 2113
wSm | 3539 3213 3224 3504 3534 3571
wSm | 3699 3394 3454 3583 344 3468
wSm | 3826 3359 3366 373 3658 369
wSm | 2077 168 -169.1 761 1578 1589
WEs | -3785 3413 3465 3694 3191 3209
wGd | -368.1 3214 3175 3588 3643 3677
2 217 1966 3523 2129 21622 2273
g | 187 993 1005 864 1005 1005
ZNp 354 3134 3179 3462 363 3629
2Py | -386.8 3386 3403 3767 3875 3696
mpy | 3057 2171 2107 2727 299 3086
wpy | 1905 1269 1315 1454 190 1862
wpy | 3513 282 2816 3366 3498 360.1
wpy | 1222 737 765 854 2027 1%
wAm | -3365 3064 3414 3336 3381 3384
wAm | -268.9 2022 2083 2295 2073 2928
0B 2826 2656 2659 2812 2821 2862
ALL | 26157 NR. NR. NR. 3031 27242
Air 3215 NR. NR. NR. 353 353
W 358.1 NR. NR. NR. 453 4008

77



NEA/NSC/R(2016)2

Figure 31. Comparison of reactivity worth components due to absorption and
production for cases 15, 19, 21 of sub-phase
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Figure 32. Comparison of reactivity worth components due to capture and
fission for cases 15, 19, 21 of sub-phase 2
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Table 36. Components of the reactivity worth due to capture, fission and scattering
in percents of the total reactivity worth (sub-phase 2)

Capture / Total Fission / Total Scattering / Total
CEA EMS EMS GRS CEA EMS EMS GRS CEA EMS EMS GRS
Case | APOLLO2 | SCALE6.1 SCALE®.1 MCNP5 APOLLO2 SCALES6.1 SCALES6.1 MCNP5 APOLLO2 SCALE6.1 SCALES.1 MCNP5
281G NEWT 238G KENO-Va 238G | Cont. Energy 281G NEWT 238G | KENO-Va238G | Cont. Energy 281G NEWT 238G KENO-Va 238G | Cont. Energy
%Mo 99.49 102.247 102.02 103.295 -0.001 0 0 0 0.61 -1.792 - 0.55
9Tc 99.664 99.725 99.643 100 -0.001 0 0 0 0.186 0.272 0.357 -0.448
Ru 95.256 98.84 98.784 101.642 -0.001 0 0 0 0.576 1.159 1.218 -2.778
103Rh 100.072 99.947 99.945 99.846 0 0 0 0 0.034 0.053 0.057 0.161
109Ag 100.153 100.616 100.418 100.561 0 0 0 0 0.052 -0.618 -0.416 -0.532
3Cs 99.776 99.765 99.669 100.459 0 0 0 0 0.146 0.233 0.339 -0.957
43Nd 100.027 100.124 100.003 100 0 0 0 0 0.044 0125 -0.002 -0.427
15Nd 98.913 100.283 100.163 101.873 -0.001 0 0 0 0.214 -0.281 -0.161 -3.036
47Sm 94.065 105.189 105.051 103.168 -0.002 0 0 0 0.069 -5.186 -5.051 -4.236
98Sm | 100.107 100.003 100 100.143 0 0 0 0 0 -0.001 0 0
150Sm 99.972 99.823 99.615 101.312 0 0 0 0 -0.08 0.176 0.384 -1.603
51Sm | 100.081 100 99.997 100 0 0 0 0 -0.001 -0.001 0.001 0
152Sm 98.907 103.654 102.555 105.054 0 0 0 0 0.948 -3.688 -2.586 -5.327
153Eu 99.567 99.974 99.931 99.838 -0.001 0 0 0 0.014 0.028 0.044 0.141
155Gd 100.083 100 99.997 100 0 0 0 0 0 0.001 0.001 0
50 -62.664 6.333 10.329 -68.859 162.796 93.657 89.723 174.213 -0.061 -0.009 0.053 0
26y 105.587 107.016 106.746 115.66 6.8 -8.411 -8.355 -9.639 0.539 1.394 1.608 -7.831
ZINp 101.037 101.433 101.419 101.069 -1.193 -1.369 -1.367 -1.207 0.022 -0.063 -0.05 0.151
8Py 104.717 106.185 106.177 105.256 -4.892 -6.115 6.125 -5.41 0.01 -0.071 -0.051 0
2Py | -164.045 -234.869 -243.441 -210.048 264.026 334.942 343.498 322.956 -0.031 -0.061 -0.058 0.19
40Py 100.794 101.064 100.669 101.444 0.44 0.679 -0.666 0.717 0.003 -0.385 0.001 -0.358
1Py -T14.474 -96.759 -97.564 -86.334 174.529 196.802 197.607 189.869 -0.018 -0.042 -0.042 0.154
2Py 104.437 110.156 109.398 107.919 -4.433 -1.457 -7.323 -6.707 0.138 -2.699 -2.075 -1.829
2'Am | 101.058 101.097 90.307 100.929 -0.946 -1.098 -0.994 -0.939 0.005 0.004 0.009 0.157
23Am | 101.036 102.087 101.993 102.048 -1.421 -1.934 -1.911 -1.591 0.024 -0.154 -0.082 -0.227
18 100.093 100 100 100 0 0 0 0 0.001 0.002 0.002 0
ALL 137.192 N.R. N.R. N.R. -37.518 N.R. N.R. N.R. 0.356 N.R. N.R. N.R.
Air 163.006 N.R. N.R. N.R. -73.603 N.R. N.R. N.R. 22.81 N.R. N.R. N.R.
LW 155.87 N.R. N.R. N.R. -59.065 N.R. N.R. N.R. -6.264 N.R. N.R. N.R.
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Table 37. Components of the reactivity worth due to absorption, production and scattering

in percents of the total reactivity worth (sub-phase 2)

Absorption / Total Production / Total Scattering / Total
CEA CEA CEA
Case APOLLO2 DRAGGS(,;BOSF G'Z;Igg'” APOLLO2 DRA(;(;(I;I305F G’\gs\)/g-” APOLLO2 DRAGGS(,;BOSF G’\gs\)/g-”
281G 281G 281G

%Mo 99.492 99.448 99.444 -0.003 0 0 0.61 0.55 0.557
%Tc 99.665 99.774 99.769 -0.001 -0.001 -0.001 0.186 0.225 0.232
1Ry 95.258 99.343 99.327 -0.003 0 0 0.576 0.655 0.674
103Rh 100.072 99.967 99.967 0 0 0 0.034 0.033 0.034
109Ag 100.153 99.944 99.938 -0.001 -0.002 -0.002 0.052 0.061 0.062
133Cs 99.776 99.815 99.81 -0.001 -0.002 -0.001 0.146 0.188 0.193
143Nd 100.027 99.974 99.971 -0.001 0 0 0.044 0.028 0.028
145Nd 98.914 99.817 99.812 -0.002 -0.002 -0.002 0.214 0.184 0.188
47Sm 94.068 99.901 99.896 -0.005 0 0 0.069 0.098 0.101
1498m 100.107 100 100 0 0 0 0 0 0
150Sm 99.973 99.869 99.867 -0.001 0 0 -0.08 0.131 0.133
151Sm 100.081 99.997 100 0 0 0 -0.001 0.001 0.001
152Sm 98.907 99.93 99.931 0 -0.003 -0.003 0.948 0.074 0.076
153Eu 99.568 99.978 99.978 -0.001 0 0 0.014 0.021 0.022
155Gd 100.083 100 100 0 0 0 0 0 0
25 -372.332 -386.057 -362.928 472.463 486.127 462.994 -0.061 -0.06 -0.058
26y 113.357 120.058 120.169 -14.569 -20.68 -20.806 0.539 0.624 0.641
ZINp 102.092 102.223 102.237 -2.248 -2.242 -2.257 0.022 0.019 0.02
28Py 109.763 110.047 110.124 -9.937 -10.055 -10.131 0.01 0.008 0.008
9Py -500.5 -519.882 -482.585 600.481 619.912 582.602 -0.031 -0.027 -0.027
0Py 101.154 100.811 100.827 0.8 -0.814 -0.836 0.003 0.006 0.007
1Py -283.197 -288.578 -274.642 383.252 388.62 374.67 -0.018 -0.017 -0.017
2Py 107.921 104.834 105.035 -1.917 -4.897 -5.104 0.138 0.062 0.068
21Am 101.904 101.789 101.803 1791 -1.792 -1.807 0.005 0.005 0.005
23Am 101.96 102.16 102.206 -2.345 2179 -2.225 0.024 0.019 0.02

18 100.093 100 100 0 0 0 0.001 0 0
ALL 182.726 173.59 172.774 -83.052 -73.84 -73.056 0.356 0.253 0.28

Air 294.251 155.807 161.19 -204.848 102.266 109.065 22.81 1.856 1.955

Lw 259.52 220.329 243597 -162.715 -152.246 -174.514 -6.264 31.918 30.919
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Absolute diffierence compared with TRIPOLI4 reference values (pom)

3.3 Sub-phase 3 results

The calculation results for sub-phases 3 and their analysis are presented in Sections 3.3.1 to
3.3.4.

3.3.1 Effective multiplication factor

Calculations of the k. are presented in Figures 33 and 34. Corresponding values are given in
Table 38.

Like in sub-phases 1 and 2, differences mainly depend on the code system and not on the
case number. GMVP-II calculations overestimate the k. by more than 2000 pcm, maybe due
to an incorrect account for neutron leakage. SCALE6 calculations by EMS, ORNL and VUJE
agree in the underestimation of the ks by around 500 pcm, in agreement with the values
obtained in sub-phase 2. APOLLO2 and CASMOS calculations show quite the same behaviour,
with an underestimation of 500-600 pcm, to be compared to less than 100 pcm in sub-phase 2.

Figure 33. Absolute difference in the effective multiplication factor K
for cases 0 to 14 of sub-phase 3
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Figure 34. Absolute difference in the effective multiplication factor K.g
for cases 15 to 29 of sub-phase 3
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Table 38. k. calculations (sub-phase 3)

CEA SCALE® GMVP-I SCALES 1 SCALES i~ SOALES CEA

Case AF;%%'(';OZ KENO-Va 69G KENO-Va KENO-VI %@;“1"%3 KENO-VI CZE'PE?]';':‘
238G 238G 238G 238G - Energy
0 | 128063 | 128124(10) | 130732(16) | 1281240(10) | 1.28126(10) | 128162 | 1.28211(370) | 1.28613(24)
®Mo | 127951 | 1280130(10) | 1.305510(16) | 1.280130(10) | 1.280160(10) | 1280491 | 1.280210(370) | 1.284980(24)
WTc | 127927 | 1279910(10) | 1.305120(16) | 1.279910(10) | 1.279920(10) | 1.280319 | 1.279750(390) | 1.284740(24)
WRu | 12793 | 1.279990(10) | 1305120(16) | 1.279990(10) | 1.279970(10) | 1279898 | 1.80370(390) | 1.284810(24)
WRh | 127889 | 1.279550(10) | 1305450(16) | 1.279550(10) | 1.279650(10) | 1279996 | 1.279580(380) | 1.284390(24)
Ag | 127945 | 1.280110(10) | 1.305420(16) | 1.280110(10) | 1.280110(10) | 1.280496 | 1.280290(390) | 1.284990(24)
wCs | 127937 | 1.280020(10) | 1.305340(16) | 1.280020(10) | 1.280020(10) | 128038 | 1.279920(400) | 1.284870(24)
wNd | 127876 | 1.279370(10) | 1305290(16) | 1.279370(10) | 1.279400(10) | 1279779 | 1.80080(380) | 1.284270(24)
uiNd | 127892 | 1.279590(10) | 1304980(16) | 1.279590(10) | 1.279600(10) | 127989 | 1.279410(340) | 1.284450(24)
wiSm | 127924 | 1279930(10) | 1.305280(16) | 1.279930(10) | 1.279930(10) | 1280254 | 1.279990(360) | 1.284730(24)
usSm | 127884 | 1279480(10) | 1.305410(16) | 1.279480(10) | 1.279460(10) | 1279872 | 1.279930(350) | 1.284380(24)
wSm | 127878 | 1279430(10) | 1.304640(16) | 1.279430(10) | 1.279440(10) | 1279667 | 1.279790(340) | 1.284250(24)
w1Sm | 127869 | 1279320(10) | 1.305310(16) | 1.279320(10) | 1.279320(10) | 1279711 | 1.279480(350) | 1.284170(24)
wSm | 127959 | 1280220(10) | 1.305090(16) | 1.280220(10) | 1.280220(10) | 1280617 | 1.279840(350) | 1.285070(24)
WEY | 127873 | 1279400(10) | 1.305260(16) | 1.279400(10) | 1.279410(10) | 1279775 | 1.280590(360) | 1.284250(24)
wGd | 127876 | 1.279390(10) | 1305400(16) | 1.279390(10) | 1.279420(10) | 1279782 | 1.279390(360) | 1.284260(25)
20 | 128178 | 1282450(10) | 1308550(15) | 1.282450(10) | 1.282420(10) | 1.282775 | 1.282890(410) | 1.287320(24)
2 | 128005 | 1280710(10) | 1.306800(16) | 1.280710(10) | 1.280700(10) | 1281102 | 1.280940(340) | 1.285520(24)
ZiNp | 127885 | 1279520(10) | 1.305440(15) | 1279520(10) | 1.279510(10) 12799 | 1279410(400) | 1.284320(24)
2Py | 127868 | 1.279310(10) | 1305280(16) | 1.279310(10) | 1.279320(10) | 127971 | 1279770(340) | 1.284190(24)
=Py | 128225 | 1.282880(10) | 1308980(16) | 1.82880(10) | 1.82870(10) | 1283223 | 1.283290(370) | 1.287780(24)
wpy | 127965 | 1.280330(10) | 1306270(16) | 1.80330(10) | 1.80320(10) | 1280733 | 1.80900(380) | 1.285170(24)
wPy | 128247 | 1.283110(10) | 1309250(16) | 1.283110(10) | 1.283110(10) | 1283433 | 1.282710(420) | 1.287960(24)
2py | 128001 | 1.280670(10) | 1306310(16) | 1.280670(10) | 1.80660(10) | 128107 | 1.281070(350) | 1.285570(24)
#Am | 127893 | 1279600(10) | 1305600(16) | 1.279600(10) | 1.279580(10) | 127996 | 1.279570(350) | 1.284490(24)
2Am | 127927 | 1.279960(10) | 1305770(16) | 1.279960(10) | 1.279950(10) | 1.280356 | 1.80180(350) | 1.284790(24)
0B | 127921 | 1279830(10) | 1.305850(16) | 1.279830(10) | 1.279840(10) | 1.28023 | 1.279930(390) | 1.284700(24)
ALL | 126677 | 1268740(10) | 1.291640(16) | 1268740(10) | 1.268760(10) | 1267341 | 1.268830(410) | 1.273480(24)
Ar | 128186 | 1282850(10) | 1.308650(16) | 1.282850(10) | 1.282870(10) | 1282819 | 1.282990(430) | 1.287630(23)
LW | 128246 | 1283350(10) | 1309030(16) | 1.283350(10) | 1.283350(10) | 1.283601 | 1.283220(430) | 1.288140(23)

3.3.2 Neutron flux

Comparisons of the integrated neutron flux over the central fuel cell are illustrated in
Figures 35 and 36, and calculation results are reported in Table 39.

All of them succeed in the calculation of this parameter within less than 0.5%, except
GMVP-II calculations which overestimate the neutron flux by 3% and CASMOS5 which
underestimate it by 2%. In the case 27, where all BUC nuclides have been added to the central
fuel cell, APOLLO?2 calculations are at bit more discrepant (~1.5%) compared with TRIPOLI4.
Much more discrepant results are observed for cases 28 and 29, especially for GMVP-II
calculations which are out of the plotted range in Figure 36, with differences as high as 20%
for the substitution of UO, by air for instance (case 28).
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Figure 35. Relative difference in the neutron flux for cases 0 to 14 of sub-phase 3
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Figure 36. Relative difference in the neutron flux for cases 15 to 29 of sub-phase 3
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Table 39. Neutron flux in cm™s™” (sub-phase 3)

CEA | schlte1 | owvedl | SGALES SCALES i~ SOALES CEA
Case Apz%éoz KENO-Va 69G KENO-Va KENO-VI %’é\;':"%’ KENO-VI CZE'PE?]';':‘
238G 238G 238G 238G - Energy

0 | 5318E-02 | 5325602 | 5511E02 | 5325602 5325602 | 5211E-02 5319E-02 5 320E-02
®Mo | 5265E-02 | 5266E-02 | 5408E-02 |  5.266E-02 5266E-02 | 5159E-02 5 244E-02 5 268E-02
®Tc | 5257E02 | 5257E-02 | 5389E-02 | 5.257E-02 5257E-02 | 5155E-02 5257E-02 5 250-02
"Ry | 5259E-02 | 5262E-02 | 53B4E-02 | 5262E-02 5262602 | 5A37E-02 5 264E-02 5 264E-02
WRh | 5243E02 | 5239E-02 | 5393E-02 | 5239E-02 5240E-02 | 5142602 5 242E-02 5 242E-02
Ag | 5266E-02 | 5267E-02 | 5A405E-02 | 5.267E-02 5267E-02 | 5163E-02 5267E-02 5 269E-02
WCs | 5261E-02 | 5262E-02 | 5399E-02 | 5262E-02 5262602 | 5157E-02 5 253E-02 5 264E-02
WNd | 5230E02 | 5223E-02 | 5380E-02 | 5223E-02 5224E-02 | 5125E-02 5 220E-02 5 226E-02
WNd | 5240E02 | 5238E-02 | 5376E-02 | 5238E-02 5238E-02 | 5133E-02 5 255E-02 5. 237E-02
WSm | 5257E-02 | 5258E-02 | 5396E-02 |  5.258E-02 5250E-02 | 51526-02 5 264E-02 5 250E-02
uSm | 5236E-02 | 5230E02 | 5389E-02 |  5.230E-02 5230E-02 | 5130E-02 5219E-02 5 234E-02
wSm | 5231E-02 | 5206E-02 | 5352602 |  5.226E-02 5206E02 | 5121E-02 5230E-02 5. 227E-02
wSm | 5225E-02 | 5217E02 | 5377E02 |  5.217E-02 5217602 | 5120E-02 5217E-02 5 220E-02
wSm | 5268E-02 | 5271E-02 | 5405E02 | 5.271E-02 5270602 | 5167E-02 5 270E-02 5 271E-02
WEu | 5234E-02 | 5230E-02 | 5382E-02 | 5230E-02 5231602 | 5131E-02 5237E-02 5 232E-02
%Gd | 5208E-02 | 5220E-02 | 5379E-02 | 522002 522002 | 5122E-02 5 220E-02 5 223E-02
20 | 5301E02 | 5327E-02 | 5504E-02 | 5.327E-02 5328E-02 | 5198E-02 5342E-02 5 330E-02
20 | 5291E02 | 5298E-02 | 5A475E-02 |  5.298E-02 5208E-02 | 5188E-02 5281E-02 5.298E-02
ZiNp | 5240E-02 | 5236E-02 | 5391E-02 | 5236E-02 5237E-02 | 5A37E-02 5227E-02 5 230E-02
2Py | 5203E-02 | 5216E-02 | 5375602 | 5216602 5216E-02 | 5118E-02 5220602 5 219E-02
2Py | 5276E-02 | 5312E-02 | 5480E02 | 531202 5312602 | 5A78E-02 5320E-02 5 316E-02
WPy | 5276E-02 | 5278E-02 | 5444E02 |  5278E-02 5277E-02 | 5AT5E-02 5 303E-02 5 281E-02
%Py | 5315E-02 | 5350602 | 5525602 |  5.350E-02 5350E-02 | 5212E-02 5 355E-02 5 353E-02
2Py | 5200E-02 | 5205E-02 | BA4TE02 | 5205602 5205E-02 | 5189E-02 5332602 5 209E-02
wAm | 5243602 | 5239E-02 | 5400E-02 | 5.239E-02 5230E-02 | 5139E-02 5232602 5 242E-02
wAm | 5261E02 | 5261E-02 | 5415E-02 | 5261E-02 5261E-02 | 5160E-02 5273E-02 5 264E-02
0B | 5251E-02 | 5248E-02 | 5414E02 |  5.248E-02 5248E-02 | 5146E-02 5 236E-02 5 252E-02
ALL | 4600E02 | 4545E-02 | 4450E-02 | 4545E-02 45ME02 | 4489E-02 4545602 4 534E-02
Ar | 5A59E-02 | 5432E02 | 4310E02 | 5432602 5432602 | 5303E-02 5 424E-02 5 442E-02
LW | 5459E-02 | 5501E-02 | 5744E-02 | 5501E-02 5501E-02 | 5340E-02 5 481E-02 5 511E-02

3.3.3 Reaction rates

Comparisons of reaction rate calculations performed on ***U, ***U and '°O are illustrated in
Figure 37, for the first case (case 0 without BUC nuclide) as the same conclusions can be
observed for cases 1 to 27. All calculation results are reported in Table 40 to Table 50.

Most of the conclusions drawn in sub-phase 2 are similar in sub-phase 3. The only
difference concerns GMVP-II calculations which show a higher difference compared with
TRIPOLI4: for instance on absorption and production rate on **°U, an overestimation of 4% is
observed while it was only 2% for sub-phase 2. It may be explained by the ~3%
overestimation of the neutron flux in the central cell, as mentioned in the previous section. The
same trend is observed on the scattering rate of *°U and ***U which are less underestimated
(respectively 8% and 11%, to be compared with 10% and 12.5% in sub-phase 2), due to an
incorrect normalisation of the neutron flux.

85




NEA/NSC/R(2016)2

Comparisons of reaction rate calculations on the BUC nuclide are illustrated in Figure 38
to Figure 42, with the full list of results in Table 48 to Table 50.

Results on absorption rate are also similar to the ones of sub-phase 2, with differences to
TRIPOLI4 calculations by a few percent, except for GMVP-II calculations which are
overestimated by more than 20% for several fission products, while there were not in sub-
phase 2. These results are not confirmed on production rate on the BUC nuclide, where
GMVP-II calculations are in quite the same agreement with TRIPOLI4 than in sub-phase 2.
The other calculations are in good agreement with TRIPOLI4 within less than 3% (except
Rul01 for CASMOS which is overestimate like it was discussed in sub-phase 2) with similar
trends compared with sub-phase 2. Only the APOLLO2 calculations show a significant
difference with an overestimation of around 30% of the production rate.

For scattering rates, very close results to sub-phase 2 can be observed, except for GMVP-
I calculations, which show differences larger than 30% on 145Nd, 147Srn, 1508 m, ‘52Sm, while
they are consistent with previous results on other isotopes.

Figure 37. Relative difference in the reaction rates of **U, ***U and '°0 of sub-phase 3 (case 0)
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Table 40. Absorption rate on **°U in s (sub-phase 3)

CEA | schlte1 | owvedl | SGALES SCALES i~ SOALES CEA
Case Apz%éoz KENO-Va 69G KENO-Va KENO-VI %’é\;':"%’ KENO-VI Cm’g‘;’:‘
238G 238G 238G 238G - Energy

0 | 8815E-04 | B89IE04 | O367E-04 | B889IE04 8 887E-04 6.702E.00 | B.898E-04 8 920E-04
Mo | B4S0E-04 | B520E-04 | B.8G6E-04 |  8.522E-04 8 525E-04 8320E.04 | B483E-04 8 551E-04
®Tc | 8485604 | 8550E-04 | 8.885E-04 |  8.550E-04 8 560E-04 8384E.04 | 8511E-04 8 586E-04
"Ry | 8572E-04 | B86ATE-04 | 8983E-04 | 8.647E-04 8 648E-04 6413500 | 8705604 8 682E-04
WRh | B.359E-04 | 8432E-04 | 8812E-04 | 8432E-04 8 435E-04 6244E00 | BA40E-04 8 460E-04
Ag | 8533E-04 | B8605E-04 | 8957E-04 |  8.605E-04 8.607E-04 841504 | 8.530E-04 8 634E-04
WCs | BAOTE-04 | 8572E-04 | 8925E-04 | 8572E-04 8 570E-04 8375604 | 8.555E-04 8 500E-04
WNG | B.033E-04 | 8101E-04 | 8457E-04 | 8101E-04 8 104E-04 T 897E.04 | 8.118E-04 8 126E-04
WNG | B271E-04 | 8345E-04 | 86B7E-04 |  8.345E-04 8343E-04 6137500 | BAOTE04 8 370E-04
WSm | B506E-04 | B5T6E-04 | BOA2E-04 |  B.576E-04 8 578E-04 6333500 | B.657E-04 8 608E-04
uSm | 8162E-04 | B.232E-04 | B595E-04 |  8.232E-04 8236E-04 8034E04 | 8.231E-04 8 269E-04
WSm | B0S6E-04 | BI56E-04 | BA59E-04 |  8.156E-04 8 156E-04 T oa2E04 | 8.163E-04 8 183E-04
wSm | 7874E-04 | 7O40E-04 | B306E-04 |  7.940E-04 7937E-04 T TE04 | 7.923E-04 7 963E-04
w2Sm | 8519E-04 | B595E-04 | BOBIE-04 |  8.595E-04 8 505E-04 6404E.00 | B.602E-04 8 619E-04
WEW | B275E-04 | 8345E-04 | 8725E-04 |  8.345E-04 8345E-04 6147500 | B.339E-04 8 378E-04
wGd | 7.892E-04 | 7958E-04 | B319E-04 | 7.058E-04 7957E-04 T TATE04 | 7.9ME-04 7 985E-04
20 | 2803603 | 2850E-03 | 2950E-03 | 2.850E-03 2.850E-03 271403 | 2.859E-03 2861E-03
20 | 8700E-04 | 8786E-04 | 9234E-04 |  8.786E-04 8. 784E-04 6507E.04 | 8.822E-04 8 816E-04
ZiNp | 8.325E-04 | BAQOE-04 | B774E-04 | BA00E-04 8 402E-04 6203500 | B.355E-04 8 431E-04
2Py | 7867E-04 | 7937E-04 | B200E-04 | 7.937E-04 7.936E-04 7o7E0n | 7.9ME04 7 962E-04
2Py | 6.265E-04 | 6429E-04 | 65O5E-04 | 6.429E-04 6.429E-04 612604 | 6.432E-04 6.452E-04
#Py | 86OGE-04 | B681E-04 | O105E-04 | B681E-04 8681E-04 B490E04 | 8.784E-04 8 716E-04
%Py | 6.983E-04 | 7.129E-04 | 7383604 | 7.129E-04 7129E-04 68I0E04 | 7.154E-04 7151E-04
2Py | 8708E-04 | B785E-04 | O102E-04 | 8785604 8 783E-04 6508500 | B.883E-04 8 813E-04
wAm | 8281E04 | 8357E-04 | 8732E-04 | 8.357E-04 8 354E-04 6159500 | 8.308E-04 8381E-04
wAm | B572E-04 | 8649E-04 | OQOA1E-04 |  8.649E-04 8 649E-04 646104 | 8.626E-04 8 675E-04
B | 8205E-04 | B204E-04 | B6UIE04 | B204E-04 8205E-04 B029E.04 | 8.241E-04 8327E-04
ALL | 1.159E03 | 1494E-03 | 1401E-03 | 1.94E-03 1194E-03 S041E08 | 1188E-03 1194E-03
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Table 41. Production rate on ***U in s (sub-phase 3)

CEA | schlte1 | owvedl | SGALES SCALES i~ SOALES CEA
Case Apz%éoz KENO-Va 69G KENO-Va KENO-VI %’é\;':"%’ KENO-VI Cm’g‘;’:‘
238G 238G 238G 238G - Energy

0 | 1789E-03 | 1804E03 | 1900E03 | 1.804E-03 1804E-03 | 1.766E-03 1.805€-03 1811E-03
®Mo | 1714E-03 | 1728E-03 | 1802E-03 | 1.728E-03 1729E-03 | 1.688E-03 1.720E-03 1.735E-03
®Tc | 1721E03 | 1736E-03 | 1803E-03 | 1.736E-03 1736E-03 | 1.700E-03 1.726E-03 1.742E-03
WRu | 1740E-03 | 1755E-03 | 1824E-03 | 1.755E-03 1756E-03 | 1.709E-03 1.767E-03 1.763E-03
WRh | 1695603 | 1710E-03 | 1785E-03 | 1.710E-03 1710E-03 | 1671E-03 1712603 1.716E-03
Ag | 1732E-03 | 1746E-03 | 1818E-03 | 1.746E-03 1747E-03 | 1.707E-03 1.732E-03 1.753E-03
WCs | 1724E03 | 1739E-03 | 1811E-03 | 1.739E-03 1739E-03 | 1.699E-03 1.736E-03 1.745E-03
WNd | 1627E03 | 1641E-03 | 1711E-03 | 1641E-03 1641E-03 | 1599E-03 1.645E-03 1.646E-03
wNd | 1677E03 | 1692603 | 1761E-03 | 1692E-03 1692E-03 | 1.649E-03 1.705€-03 1.698E-03
WSm | 1726E-03 | 1741E03 | 1814E-03 |  1.741E-03 1741603 | 1.701E-03 1.756E-03 1.748E-03
usSm | 1653E-03 | 1667E-03 | 1739E-03 |  1.667E-03 1668E-03 | 1.627E-03 1.667E-03 1.676E-03
wSm | 1638E-03 | 1652603 | 1714E-03 |  1.652E-03 1652E-03 | 1.609E-03 1.654E-03 1.658E-03
wSm | 1504E-03 | 1607E-03 | 1680E-03 |  1.607E-03 1607E-03 | 1.565E-03 1.604E-03 1.613E-03
wSm | 1720E-03 | 1744E-03 | 1812603 |  1.744E-03 1744E-03 | 1.704E-03 1.744E-03 1.749E-03
WEu | 1679E-03 | 1693E-03 | 1768E-03 | 1693E-03 1693E-03 | 1.652E-03 1.691E-03 1.700E-03
wGd | 1597E-03 | 1611E-03 | 1682E-03 | 1611E-03 1611E-03 | 1567E-03 1.608E-03 1.617E-03
2 | 5668E03 | 5764E-03 | 5981E-03 | 5.764E-03 5764E-03 | 5547E-03 5.782E-03 5 787E-03
20 | 1768603 | 1783E-03 | 1873E-03 | 1.783E-03 1783E-03 | 1.744E-03 1.791E-03 1.790E-03
ZiNp | 1688E-03 | 1703603 | 1778603 | 1.703E-03 1704E-03 | 1.663E-03 1.694E-03 1.710E-03
2Py | 1593E-03 | 1607E-03 | 1677603 | 1.607E-03 1607E-03 | 1.563E-03 1.607E-03 1.612E-03
2Py | 1261E-03 | 1205603 | 1326E-03 | 1.205E-03 1295E-03 | 1233E-03 1.296E-03 1.300E-03
wpy | 1746E-03 | 1761E-03 | 1846E-03 | 1.761E-03 1761E-03 | 1.722E-03 1.783E-03 1.769E-03
%Py | 1410E-03 | 1440E-03 | 1489E-03 | 1440E-03 1440E-03 | 1.381E-03 1445603 1.445E-03
2Py | 1767E-03 | 178303 | 1864E-03 | 1.783E-03 1782E-03 | 1.744E-03 1.803E-03 1.789E-03
wAm | 1679E-03 | 1694E-03 | 1769E-03 | 1694E-03 1694E-03 | 1.654E-03 1.684E-03 1.700E-03
2Am | 1739E-03 | 1755E-03 | 1834E-03 | 1.755E-03 1755E-03 | 1.717E-03 1.750E-03 1.761E-03
B | 1667E-03 | 1681E03 | 1760E03 | 1681E-03 1681E-03 | 1.626E-03 1670E-03 1.688E-03
ALL | 2291603 | 2365E-03 | 2195E-03 | 2.365E-03 2365E-03 | 6.023E-04 2352603 2367E-03
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Table 42. Scattering rate on **°U in s™ (sub-phase 3)

CEA | schlte1 | owvedl | SGALES SCALES i~ SOALES CEA
Case Apz%éoz KENO-Va 69G KENO-Va KENO-VI %’é\;':"%’ KENO-VI Cm’g‘;’:‘
238G 238G 238G 238G - Energy

0 | 9485E-05 | 9477E-05 | B8813E05 | 9477E-05 04TSE-05 | 8207E-05 9473E-05 9.490E-05
®Mo | 9362E-05 | 9.344E-05 | B596E-05 |  9.344E-05 9345E-05 | 8180E-05 9.300E-05 9.354E-05
®Tc | 9346E-05 | 9328E-05 | 8560E-05 | 9.328E-05 9328E-05 | B8172E-05 9.318E-05 9.338E-05
"Ry | 9.357E-05 | O344E-05 | 8550E-05 | O.344E-05 90345E-05 | 8143E-05 9.350E-05 9.353E-05
WRh | 9.304E-05 | 9280E-05 | 8559E-05 | 9.280E-05 9281E-05 | 8132E-05 9.275E-05 9.202E-05
Ag | 9.365E-05 | 9350E-05 | 8596E-05 | 9.350E-05 9350E-05 | B187E-05 9.336E-05 9.360E-05
WCs | 9.356E-05 | O340E-05 | 8583E-05 | 9.340E-05 9340E-05 | B8.176E-05 9.329E-05 9.350E-05
WNG | 9.268E-05 | 9238E-05 | 8524E-05 | 9.238E-05 9240E-05 | B8088E-05 9.226E-05 9.251E-05
WNd | 9.300E-05 | 9278E-05 | 8528E-05 | 9.278E-05 90279E-05 | 8115E-05 9.310E-05 9.284E-05
WSm | 9348E-05 | 9.331E-05 | B574E-05 |  9.331E-05 9331E-05 | 8163E-05 9.352E-06 9.338E-05
wSm | 9280E-05 | 9.250E-05 | B5HIE05 |  9.2526-05 9252605 | B8.098E-05 9.240E-05 9.267E-05
WSm | 9274E-05 | 9.247E-05 | BAT2E05 |  9.247E-05 9247E-05 | B8083E-05 9.250E-05 9.257E-05
wSm | 9256E-05 | 9.224E-05 | B518E-05 |  9.224E-05 9224E-05 | B8076E-05 9.216E-05 9.237E-05
w2Sm | 9374E-05 | 9.360E-05 | B595E-05 |  9.360E-05 9350E-05 | B8200E-05 9.350E-05 9.366E-05
WEu | 9.288E-05 | O9265E-05 | 8538E-05 | 9.265E-05 9265E-05 | 8109E-05 9.282E-05 9.275E-05
%Gd | 9.260E-05 | O230E-05 | B8522E-05 | 9.230E-05 9220E-05 | 8080E-05 9.232E-05 9.243E-05
20 | 3604E04 | 3615E-04 | 3313E-04 | 3615E-04 3615E-04 | 3.125E-04 3625E-04 3.620E-04
20 | 9425605 | 9QA19E-05 | B.737E-05 | OQ419E-05 041005 | B8247E-05 9.385E-05 9.426E-05
ZiNp | 9.207E-05 | O275E-05 | 855305 | 9275605 90276E-05 | 8120E-05 9.261E-05 9.287E-05
2Py | 9.244E-05 | 9215E-05 | B8501E-05 | 9215605 90214E-05 | 8062E-05 9.227E-05 9.227E-05
2Py | 8.984E-05 | O036E-05 | B178E-05 | O.036E-05 9035E-05 | 7.727E-05 9.039E-05 9.048E-05
#Py | 9.384E-05 | O369E-05 | B670E-05 | O.369E-05 9368E-05 | B8211E-05 9419E-05 9.383E-05
%Py | 91B7E-05 | O233E-05 | B8424E05 | 9233605 90232605 | 7.946E-05 9.240E-05 9.244E-05
2Py | 9421E-05 | O410E-05 | 8678605 | 9410E-05 0410E-05 | B8244E-05 9478E-05 9.423E-05
%Am | 9.300E05 | 9278E-05 | 8565E-05 | 9.278E-05 9277E-05 | 8.121E-05 9.268E-05 9.288E-05
2Am | 9350E-05 | 9335E-05 | 8608E-05 | 9.335E-05 9335E-05 | B8A77E-05 9.352E-05 9.346E-05
B | 9321E-05 | 9207E-05 | B85O7E-05 | 9.297E-05 9207E-05 | 8152E-05 9.264E-05 9.310E-05
ALL | 2805604 | 2863E-04 | 2370E-04 | 2.863E-04 2863E-04 | 6217E-05 2 862E-04 2857E-04
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Table 43. Absorption rate on ***U in s (sub-phase 3)

CEA | schlte1 | owvedl | SGALES SCALES i~ SOALES CEA
Case Apz%éoz KENO-Va 69G KENO-Va KENO-VI %’é\;':"%’ KENO-VI Cm’g‘;’:‘
238G 238G 238G 238G - Energy

0 | 1351E-03 | 1379E-03 | 1430E03 | 1379E-03 1380E-03 | 1.324E-03 1.376E-03 1.366E-03
®Mo | 1320E-03 | 1356E-03 | 1368E-03 | 1.356E-03 1356E-03 | 1.300E-03 1.342E-03 1.341E-03
®Tc | 1311E03 | 1339E-03 | 1337E-03 | 1339E-03 1338E-03 | 1.299E-03 1.340E-03 1.325E-03
"Ry | 1331E-03 | 1355E-03 | 1372E-03 | 1.355E-03 1355E-03 | 1.300E-03 1.362E-03 1.340E-03
WRh | 1324E-03 | 1350E-03 | 1391E-03 | 1350E-03 1350E-03 | 1.298E-03 1.336E-03 1.337E-03
Ag | 1327E-03 | 1355E-03 | 1347E-03 | 1.355E-03 1355E-03 | 1.308E-03 1.352E-03 1.340E-03
WCs | 1314E-03 | 1343E-03 | 1347E-03 | 1.343E-03 1342E-03 | 1291E-03 1.339E-03 1.327E-03
WNd | 1309E-03 | 1333E-03 | 1372E-03 | 1.333E-03 1333E-03 | 1279E-03 1.336E-03 131903
WNd | 1318E-03 | 1341E-03 | 1350E-03 | 1341E-03 1341E-03 | 1.290E-03 1.3456-03 1.327E-03
WSm | 1329E-03 | 1355603 | 1.367E-03 |  1.3556-03 1355E-03 | 1.298E-03 1.361E-03 1.341E-03
uSm | 1314E-03 | 1339E-03 | 1380E-03 |  1.339E-03 1340E-03 | 1.286E-03 1.347E-03 1.327E-03
WSm | 1202E-03 | 1311E-03 | 1342603 | 1.311E-03 1312E-03 | 1279E-03 1319E-03 1.300E-03
wSm | 1208E-03 | 1324E-03 | 1365603 |  1.324E-03 1324E-03 | 1271E-03 1333603 1.310E-03
wSm | 1320603 | 1350E-03 | 1345603 |  1.350E-03 1350E-03 | 1.293E-03 1.356E-03 1.332E-03
WEu | 1313E03 | 1339E-03 | 1372E-03 | 1339E-03 1340E-03 | 1.287E-03 1.331E-03 1.327E-03
%Gd | 1300E-03 | 1326E-03 | 1367E-03 | 1.326E-03 1325E-03 | 1.272E-03 1314E-03 1.312E-03
20 | 1268E-03 | 1303E-03 | 1344E-03 | 1.303E-03 1303E-03 | 1.242E-03 1.295E-03 1.289E-03
20 | 1340E03 | 1369E-03 | 1415E-03 | 1.369E-03 1369E-03 | 1.317E-03 1.357E-03 1.355E-03
ZiNp | 1317E-03 | 1343603 | 1385603 | 1343603 1343603 | 1291E-03 1.334E-03 1.330E-03
2Py | 1299E-03 | 1325603 | 1365603 |  1.3256-03 1325E-03 | 1.270E-03 1.310E-03 1.312E-03
2Py | 1200E-03 | 1268E-03 | 1301E-03 | 1.268E-03 1268E-03 | 1.204E-03 1272603 1.253E-03
Py | 1338E-03 | 1365E-03 | 1410E-03 | 1.365E-03 1365E-03 | 1.312E-03 1377603 1.352E-03
%Py | 1260E-03 | 1206E-03 | 1336E-03 | 1296E-03 1207E-03 | 1.234E-03 1.303E-03 1.283E-03
2Py | 1344E-03 | 1371E-03 | 1414603 | 1371E-03 1372E-03 | 1.317E-03 1.378E-03 1.357E-03
wAm | 1319E03 | 1346E-03 | 1387E-03 | 1.346E-03 1346E-03 | 1.293E-03 1.338E-03 1.332E-03
2Am | 1329E03 | 1357E-03 | 1400E-03 | 1357E-03 1356E-03 | 1.304E-03 1.348E-03 1.343E-03
0B | 1317E-03 | 1344E-03 | 1367E-03 | 1344E-03 1344E-03 | 1.284E-03 1.344E-03 1331E-03
ALL | 9355604 | 9418E-04 | 7967E-04 | 9418E-04 0415E-04 | 9520E-04 9.324E-04 9.200E-04
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Table 44. Production rate on **Uin s™ (sub-phase 3)

CEA | schlte1 | owvedl | SGALES SCALES i~ SOALES CEA
Case Apz%éoz KENO-Va 69G KENO-Va KENO-VI %’é\;':"%’ KENO-VI Cm’g‘;’:‘
238G 238G 238G 238G - Energy

0 | 3492E-04 | 3235604 | 3336E-04 | 3235604 3235E-04 | 3144E-04 3200E-04 3233E-04
®Mo | 373E-04 | 3209E-04 | 3300E-04 |  3.209E-04 3210604 | 3119E-04 3227E-04 3206E-04
®Tc | 3179E-04 | 3215E-04 | 3303E-04 | 3.215E-04 3214E-04 | 3.120E-04 3209E-04 3210E-04
WRu | 3170E-04 | 3206E-04 | 3202E-04 | 3.206E-04 3206E-04 | 3115E-04 3217E-04 3204E-04
WRh | 3.182E-04 | 3214E-04 | 3303E-04 | 3214E-04 3213604 | 3.133E-04 3236E-04 3211E-04
Ag | 3.185E-04 | 3221E-04 | 3308E-04 | 3221E-04 322004 | 3137E-04 3242E-04 3217E-04
WCs | 3.182E-04 | 3217E-04 | 3307E-04 | 3217E-04 3218E-04 | 3.130E-04 3.190E-04 3214E-04
WNG | 3175604 | 3205E-04 | 3207E-04 | 3.205E-04 3206E-04 | 3.125E-04 3203E-04 3203E-04
WNd | 3175604 | 3208E-04 | 3206E-04 | 3.208E-04 3208E-04 | 3.123E-04 3220604 3204E-04
WSm | 3184E-04 | 3219E-04 | 3308E-04 |  3.219E-04 3210604 | 3.134E-04 3228604 3215E-04
wSm | 3A79E-04 | 3210E-04 | 3301E-04 |  3.210E-04 3200E-04 | 3.130E-04 3211E-04 3207E-04
WSm | 3A73E-04 | 3204E-04 | 3289E-04 |  3.204E-04 3205E-04 | 3.120E-04 3245E-04 3201E-04
wSm | 3A74E-04 | 3204E-04 | 3202E-04 |  3.204E-04 3203E-04 | 3.125E-04 3187E-04 3202E-04
w2Sm | 3186E-04 | 3200E-04 | 3311E-04 |  3.200E-04 3220604 | 3137E-04 3234E-04 3218E-04
WEW | 3181E-04 | 3212E-04 | 3302E-04 | 3212E-04 3212604 | 3132604 3206E-04 3210E-04
%Gd | 3174E-04 | 3204E-04 | 3203E-04 | 3204E-04 3204E-04 | 3.125E-04 3209E-04 3201E-04
2 | 3476E-04 | 3533E-04 | 3645E-04 |  3533E-04 3533E-04 | 3423E-04 3579E-04 3520E-04
20 | 3184E-04 | 3205E-04 | 3323E-04 |  3.225E-04 3225E-04 | 3.134E-04 3204604 3220604
ZiNp | 3183E-04 | 3215E-04 | 3304E-04 | 3215604 3214E-04 | 3134E-04 3192E-04 3211E-04
2Py | 3183E-04 | 3213E-04 | 3306E-04 | 3213604 3213604 | 3.135E-04 3219E-04 3212604
2Py | 3717E-04 | 3781E-04 | 3868E-04 | 3781E-04 3781E-04 | 3681E-04 3.808E-04 3.779E-04
#Py | 3188E-04 | 3226E-04 | 3316E-04 | 3226E-04 3225E-04 | 3.140E-04 3253E-04 3223E-04
%Py | 3560E-04 | 3620604 | 3742604 | 3623604 3624E-04 | 3517E-04 3627E-04 3621E-04
2Py | 3190E-04 | 3230E-04 | 3320604 | 3230E-04 3230E-04 | 3141E-04 3269E-04 3.228E-04
wAm | 3183E04 | 3215E-04 | 3307E-04 | 3.215E-04 3216E-04 | 3.134E-04 3200E-04 3213E-04
wAm | 3188E-04 | 3203E-04 | 3315E-04 |  3.223E-04 3223E-04 | 3.140E-04 3230E-04 3220E-04
B | 3.480E-04 | 3215604 | 3300E-04 | 3215604 3214E-04 | 3.124E-04 3220604 3212E-04
ALL | 3604E04 | 3572E-04 | 3550E-04 | 3572E-04 35726-04 | 3452604 3571E-04 3560E-04
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Table 45. Scattering rate on >**U in s™ (sub-phase 3)

CEA | schlte1 | owvedl | SGALES SCALES i~ SOALES CEA
Case Apz%éoz KENO-Va 69G KENO-Va KENO-VI %’é\;':"%’ KENO-VI Cm’g‘;’:‘
238G 238G 238G 238G - Energy

0 | 1252E-02 | 126402 | 1134602 | 1264E-02 1264E-02 | 1.096E-02 1.265€-02 1.259E-02
®Mo | 1241E-02 | 1251E-02 | 1109E-02 | 1.251E-02 1251E-02 | 1.084E-02 1.245E-02 1.246E-02
®Tc | 1240E02 | 1250E-02 | 1408E-02 | 1.250E-02 1250E-02 | 1.084E-02 1.250E-02 1.245E-02
WRu | 1239E-02 | 1249E-02 | 1405E-02 | 1.249E-02 1249E-02 | 1.078E-02 1.249E-02 1.243E-02
WRh | 1236E-02 | 1245E-02 | 1409E-02 | 1.245E-02 1245602 | 1.081E-02 1.284E-02 1.240E-02
Ag | 1241E02 | 125202 | 1AME-02 | 1.252E-02 1250E-02 | 1.086E-02 1.250E-02 1.247E-02
WCs | 1240E02 | 1250E-02 | 1410E-02 | 1.250E-02 1250E-02 | 1.085E-02 1.249E-02 1.245E-02
WNG | 1234E-02 | 124202 | 1A06E-02 | 1.242E-02 1242E-02 | 1.078E-02 1.239E-02 1237E-02
WNG | 1235602 | 1244E-02 | 1A04E-02 | 1.244E-02 1284E-02 | 1.078E-02 1.248E-02 1.238E-02
WSm | 124002 | 1249E-02 | 1107E02 |  1.249E-02 1249E-02 | 1.082E-02 1.251E-02 1.244E-02
uSm | 1234E-02 | 1243602 | 1109E-02 |  1.243E-02 1243602 | 1.079E-02 1.239E-02 1.239E-02
wSm | 1233E-02 | 1242602 | 1100E02 | 1242602 1242E02 | 1.077E-02 1.243E-02 1.237E-02
wSm | 1232E-02 | 1240E-02 | 1106E-02 |  1.240E-02 1240E-02 | 1.077E-02 1.240E-02 1.236E-02
wSm | 1241E-02 | 1250602 | 1112602 | 1250602 1251E-02 | 1.086E-02 1.250E-02 1.246E-02
WEW | 1234E-02 | 124302 | 1406E-02 | 1.243E-02 1243802 | 1.078E-02 1.246E-02 1.238E-02
wGd | 1233E-02 | 1241E-02 | 1107E-02 | 1241E-02 1241E-02 | 1.077E-02 1.241E-02 1.236E-02
20 | 1242602 | 1258E-02 | 1A16E-02 | 1.258E-02 1258E-02 | 1.079E-02 1.260E-02 1.253E-02
20 | 1247602 | 1259E-02 | 1426E-02 | 1.259E-02 1250E-02 | 1.091E-02 1.2536-02 1.253E-02
ZiNp | 1235E-02 | 1244E-02 | 1108E-02 | 1244E-02 1244E-02 | 1.080E-02 1243602 1.239E-02
2Py | 1231E-02 | 1240E-02 | 1105602 | 1240E-02 1240E-02 | 1.076E-02 1.240E-02 1.235E-02
2Py | 1231E-02 | 1249E-02 | 1099E-02 | 1249E-02 1249E-02 | 1.064E-02 1.249E-02 1.245E-02
WPy | 1243E-02 | 125302 | 1120602 | 1253602 1253E-02 | 1.088E-02 1.259E-02 1.249E-02
2Py | 1244E-02 | 1261E-02 | 1116802 | 1261E-02 1261E-02 | 1.079E-02 1.262E-02 1.257E-02
wpy | 1246E-02 | 1257E-02 | 1120602 | 1257E-02 1257E-02 | 1.091E-02 1.267E-02 1.253E-02
wAm | 1236E02 | 1245E-02 | 1410E-02 | 1.245E-02 1245602 | 1.081E-02 1.284E-02 1.240E-02
wAm | 1239E02 | 1250E-02 | 1A13E-02 | 1.250E-02 1249E-02 | 1.085E-02 1253602 1.245E-02
OB | 1238E-02 | 1247E02 | 1114E02 | 1.247E-02 1247E-02 | 1.084E-02 1.244E-02 1.243E-02
ALL | 1084E02 | 1077E-02 | 8719E-03 | 1.077E-02 1077602 | 9.085E-03 1.076E-02 1.067E-02
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Table 46. Absorption rate on '°O in s (sub-phase 3)

CEA | schlte1 | owvedl | SGALES SCALES i~ SOALES CEA
Case Apz%éoz KENO-Va 69G KENO-Va KENO-VI %’é\;':"%’ KENO-VI Cm’g‘;’:‘
238G 238G 238G 238G - Energy

0 | 5995E-06 | 6.056E-06 | 6252606 | 6.056E-06 6.056E-06 | 5972E-06 5.847E-06 6.069E-06
®Mo | 5953E-06 | G.000E-06 | 6.181E-06 |  6.000E-06 6.004E-06 | 5916E-06 6.139E-06 6.016E-06
®Tc | 5967E-06 | 6.015E-06 | 6.81E-06 | 6.015E-06 6014E-06 | 5936E-06 5 986E-06 6.022E-06
WRy | 5947E-06 | 5992E-06 | 6.60E-06 | 5.992E-06 5995E-06 | 5903E-06 6.095E-06 6.006E-06
WRh | 5972E-06 | 6013E-06 | 6.89E-06 | 6.013E-06 6008E-06 | 5944E-06 6.097E-06 6.021E-06
Ag | 5980E-06 | 6025E-06 | 6.191E-06 | 6.025E-06 6.028E-06 | 5954E-06 6.111E-06 6.034E-06
WCs | 5971E-06 | 6014E-06 | 6192E-06 | 6.014E-06 6019E-06 | 5938E-06 5.887E-06 6.033E-06
WNd | 5957E-06 | 5992E-06 | 6.67E-06 | 5.992E-06 5992E-06 | 5925E-06 6.021E-06 6.002E-06
WNd | 5958E-06 | 5998E-06 | 6.470E-06 | 5.998E-06 6001E-06 | 5922E-06 6.017E-06 6.009E-06
WSm | 5976E-06 | 6.021E-06 | 6.185E-06 |  6.021E-06 6023E-06 | 5950E-06 5 986E-06 6.030E-06
uSm | 5965E-06 | 6.003E-06 | 6175606 |  6.003E-06 6.002E-06 | 5938E-06 6.114E-06 6.011E-06
wSm | 5954E-06 | 5990E-06 | 6.152E-06 |  5.990E-06 5993E-06 | 5922E-06 6.047E-06 6.001E-06
wSm | 5954E-06 | 5989E-06 | 6.168E-06 |  5.989E-06 5988E-06 | 5925E-06 5.809E-06 5 999E-06
wSm | 5981E-06 | 6.030E-06 | 6.191E-06 |  6.030E-06 6.025E-06 | 5955E-06 6.023E-06 6.039E-06
WEu | 5969E-06 | 6010E-06 | 6.184E-06 | 6.010E-06 6011E-06 | 5943E-06 5 985E-06 6.022E-06
%Gd | 5954E-06 | 5993E-06 | 6.165E-06 | 5.093E-06 5990E-06 | 5926E-06 6.099E-06 6.007E-06
20 | 6514E06 | 6597E-06 | 6.814E-06 | 6.597E-06 6506E-06 | 6482E-06 6.666E-06 6.605E-06
20 | 5981E06 | 6039E-06 | 6232E-06 | 6.039E-06 6.035E-06 | 5957E-06 5 983E-06 6.048E-06
ZiNp | 5.974E-06 | 6.015E-06 | 6.183E-06 | 6.0156-06 6014E-06 | 5948E-06 5 996E-06 6.024E-06
2Py | 5973E-06 | 6.010E-06 | 6.192E-06 | 6.010E-06 6011E-06 | 5945E-06 5991E-06 6.025E-06
2Py | 7.064E-06 | 7.153E-06 | 7.237E-06 | 7.153E-06 7156E-06 | 7.169E-06 7.220E06 7165E-06
Py | 5986E-06 | 6.033E-06 | 6.207E-06 | 6.033E-06 6.034E-06 | 5962E-06 6.114E-06 6.046E-06
%Py | 6.757E-06 | 6.848E-06 | 6OU6E06 |  6.848E-06 6849E-06 | 6.876E-06 6.900E-06 6.862E-06
2Py | 5991E-06 | 6.043E-06 | 6223606 | 6.043E-06 6.046E-06 | 5967E-06 6 256E-06 6.057E-06
%Am | 5975606 | 6.014E-06 | 6.192E-06 | 6.014E-06 6015E-06 | 5948E-06 5 980E-06 6.028E-06
2Am | 5.986E-06 | 6.028E-06 | 6210E-06 | 6.028E-06 6031E-06 | 5961E-06 6.016E-06 6.043E-06
B | 5.969E-06 | 6.014E-06 | 6.200E-06 | 6.014E-06 6014E-06 | 5928E-06 6.025E-06 6.025E-06
ALL | 6.801E06 | 6722E-06 | 6614E-06 | 6.722E-06 6717606 | 6.709E-06 6.689E-06 6.720E-06
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Table 47. Scattering rate on '°0 in s” (sub-phase 3)

CEA | schlte1 | owvedl | SGALES SCALES i~ SOALES CEA
Case Apz%éoz KENO-Va 69G KENO-Va KENO-VI %’é\;':"%’ KENO-VI Cm’g‘;’:‘
238G 238G 238G 238G - Energy

0 | 8985E-03 | BO86E03 | O9211E-03 | B.986E-03 8984E-03 | 8321E-03 8 980E-03 8 967E-03
®Mo | 8893E-03 | B.8B1E-03 | 9.028E03 | 8.8B1E-03 8883E-03 | B8236E-03 8841E-03 8 860E-03
®Tc | 8875603 | 8864E-03 | 8992E-03 | 8.864E-03 8864E-03 | B8225E-03 8 850E-03 8 841E-03
"Ry | 8.883E-03 | 8677E-03 | 8988E-03 | 8877E-03 8878E-03 | 8201E-03 8 884E-03 8 854E-03
WRh | B.8ATE-03 | 8830E-03 | 9000E-03 | 8830E-03 8831E-03 | 8200E-03 8 832E-03 8 809E-03
Ag | 8.889E-03 | 88B0E-03 | 9021E-03 | 8880E-03 8881E-03 | B8237E-03 8 869E-03 8 850E-03
WCs | 8.882E-03 | 8872E-03 | OQO11E-03 | 8872E-03 8873E-03 | B8228E-03 8 850E-03 8 851E-03
WNG | 8.823E-03 | 8799E-03 | 8975E-03 | 8.799E-03 8801E-03 | 8169E-03 8. 786E-03 8 779E-03
WNd | 8.843E-03 | 8828E-03 | B8970E-03 | 8828E-03 8820E-03 | 8186E-03 8 864E-03 8 802E-03
WSm | 8874E-03 | B.865E-03 | 9.004E-03 |  8.865E-03 8866E-03 | B8217E-03 8 868E-03 8 840E-03
uSm | 8833E-03 | 8812603 | B992E-03 | 8.812E-03 8813E-03 | B8.179E-03 8789E-03 8 794E-03
WSm | 8826E-03 | B.80GE-03 | B.926E-03 |  8.806E-03 8806E-03 | 8164E-03 8797E-03 8 783E-03
wSm | 8812E-03 | 8788E-03 | BO70E03 |  8.788E-03 8788E-03 | 8158E-03 8791E-03 8 768E-03
w2Sm | 8804E-03 | B8G7E-03 | 9.021E-03 | 8.887E-03 8886E-03 | B8244E-03 8 881E-03 8 862E-03
WEu | B831E-03 | 8814E-03 | B8O78E-03 | 8814E-03 8814E-03 | 8179E-03 8 823E-03 8 792E-03
%Gd | 8818E-03 | B794E-03 | BO7AE-03 | 8.794E-03 8793E-03 | 8162E-03 8. 786E-03 8 774E-03
2 | 8873E03 | 8902E-03 | 9.096E-03 | 8902E-03 8903E-03 | 8194E-03 8916E-03 8 882E-03
20 | BO38E03 | 8939E-03 | 9.148E-03 | 8.939E-03 8930E-03 | B8284E-03 8901E-03 8 913E-03
ZiNp | 8.840E-03 | 8824E-03 | BOUSE-03 | B8.824E-03 8825E-03 | 8189E-03 8 820E-03 8 803E-03
2Py | 8.80GE-03 | 8784E-03 | B962E-03 |  8.784E-03 8784E-03 | 81526-03 8 793E-03 8 764E-03
2Py | 8.761E-03 | B806E-03 | B985E-03 | B8.806E-03 8806E-03 | B8075E-03 8817E-03 8 788E-03
Py | 8907E-03 | B899E-03 | O091E-03 | B8.899E-03 8808E-03 | B8257E-03 8931E-03 8 880E-03
%Py | 8879E-03 | B923E-03 | O107E-03 | B.923E-03 892203 | 8194E-03 8.924E-03 8 903E-03
2Py | 8934E-03 | B930E-03 | O095E-03 | B.930E-03 8931E-03 | 8282E-03 8 986E-03 8911E-03
#Am | B846E03 | 8829E-03 | 9010E-03 | 8829E-03 8828E-03 | 8192E-03 8812E-03 8 808E-03
2Am | 8879E-03 | 8869E-03 | 9037E-03 | 8.869E-03 8870E-03 | 8230E-03 8. 878E-03 8 849E-03
B | 8862E-03 | B845E03 | O034E-03 | B8.845E-03 8845E-03 | B8203E-03 8.823E-03 8 826E-03
ALL | 7542E03 | 7443E-03 | 7AB0E-03 |  7.443E-03 7442603 | 6.923E-03 7437603 7398E-03
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Relative difference compared with TRIPOLI4 reference values (%)

Relative difference compared with TRIPOLI4 reference values (%)

Figure 38. Relative difference in the BUC absorption rate for cases 1 to 14 of sub-phase 3
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Figure 39. Relative difference in the BUC absorption rate for cases 15 to 27 of sub-phase 3
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Figure 40. Relative difference in the BUC production rate for cases 16 to 27 of sub-phase 3
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Figure 41. Relative difference in the BUC scattering rate for cases 1 to 14 of sub-phase 3
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Relative difference compared with TRIPOLI4 reference values (%)

Figure 42. Relative difference in the BUC scattering rate for cases 15 to 27 of sub-phase 3
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Table 48. Absorption rate on the BUC nuclide in 7 (sub-phase 3)

CEA | scleet | omvpa | SOALEGS SCALES i~ SOALES CEA
Gase | ATDLSZ | KeNOVa 69G KENO-Va KENO-VI Ao KENOVI | IRIFOLH
238G 238G 238G 238G - =nergy
“Mo | 5885E-04 | 5.848E-04 | B8899E-04 |  5.848E-04 5849E04 | 5952604 | 5.806E-04 5.909E-04
®Tc | 7218E-04 | 7.154E-04 | 1078E-03 | 7.154E-04 7TAS4E04 | G.833E-04 | 7ATAE04 7.211E04
ORU | 7.332E-04 | 707T4E04 | 1.133E-03 | 7.074E-04 TOT4E04 | 9491E-04 | 7.37E04 7.258E-04
WRh | 8586E04 | B8559E04 | OO17E-04 | 8.559E-04 8557E04 | B.O00BE-04 | 8.598E-04 8.607E-04
WA | 6.047E-04 | 5945604 | O052E-04 | 5.945E-04 5949E04 | 5729E04 | 6.000E-04 6.002E-04
%Cs | 6.688E-04 | 6620E04 | 9828E-04 | 6.620E-04 6621E04 | G561E-04 | 6.640E-04 6.698E-04
WNd | 9.346E-04 | 9405E04 | OOTIE-04 | 940SE-04 9408E-04 | O.160E-04 | 9427E-04 9.458E-04
wNd | 8737E-04 | 85T1E04 | 1.120E-03 | 8.57T1E-04 8572E04 | BO02E-04 | 8.610E-04 8.686E-04
WSm | 7263E-04 | 7.050E-04 | 1008E-03 | 7.050E-04 7052604 | 7238E04 | 7.070E04 7.236E-04
Sm | 8837E-04 | B.898E-04 | O4O0E-04 |  B.898E-04 8903E04 | B600E04 | 8.956E-04 8.900E-04
®Sm | 9515E-04 | 9501E-04 | 1298E-03 | 9.591E-04 9594E-04 | 906E-04 | OG17E04 9.648E-04
©1Sm | 9650E-04 | 9.788E-04 | 1020E03 | 9.788E-04 0785E-04 | O508E-04 | O.758E-04 9.835E-04
wSm | 5468E-04 | 5.466E-04 | B8623E04 |  5.466E-04 5463E04 | 5232E-04 | 5553E-04 5.464E-04
WEU | 9719E-04 | 9616E04 | 1.044E-03 | O.616E04 9614E04 | 9301E04 | O.727E04 0.728E-04
wGd | 0.069E04 | 9396E-04 | 9.778E-04 | 9.396E-04 9396E04 | O.130E04 | 9400E-04 9.458E-04
25U | 2803E-03 | 2850E-03 | 2959E-03 |  2.850E-03 2850E03 | 2744E-03 | 2.859E-03 2861E-03
U | 3627E-04 | 3483E-04 | 3420E04 |  3.483E-04 3482604 | 331904 | 3473E04 3.605E-04
ZINp | 9.270E04 | O85E-04 | 9.866E04 | O.185E-04 O87E04 | BO26E04 | 9.066E-04 9.287E-04
Py | 1074E03 | 1083E03 | 1.137E03 | 1.083E-03 1083603 | 1054E03 | 1.084E-03 1.090E-03
Py | 3786E03 | 3850E03 | 3930E-03 | 3.850E-03 3849E03 | 3607E-03 | 3.844E03 3.866E-03
2P | 4B14E-04 | 4754E04 | 4Q03E-04 | 4T54E04 4750E-04 | 4409E-04 | 4.725E-04 4.787E-04
2Pu | 2491E-03 | 2529E03 | 2625E-03 | 2529E-03 2520E03 | 2437E-03 | 2.537E-03 2538E-03
0Py | 3368E-04 | 3328E04 | 5.442E04 | 3.328E-04 3320E04 | 3.048E04 | 3.343E04 3.334E-04
wAm | B613E-04 | B59TE04 | BOG4E-04 |  8.597E04 8594E04 | BAT2E04 | 8514E04 8.626E-04
wAm | 7.042E-04 | 6895E-04 | 7.935E-04 | 6.895E-04 6892E04 | G579E-04 | 6.869E-04 6.969E-04
©B | 7A21E-04 | T.A75E-04 | 7526E04 | 7.175E-04 TATSE04 | GO50E-04 | 7.128E-04 7.201E-04
ALL | 1196E-02 | 1091E-02 | 1.140E-02 | 1.091E-02 1001602 | 1.140E-02 NR. 1.096E-02
Table 49. Production rate on the BUC nuclide in s™ (sub-phase 3)
ENS ORNL ORNL VUJE
co | sooicn | SEASHT | oEN | sceer | soliel | cuuos | SAE | ey
238G 238G 238G 238G - Energy
2 | 5668E-03 | 5764E-03 | 5981E03 | 5.764E-03 5764E03 | 5547E-03 |  5.782E03 5.787E-03
U | 7A78E-05 | 7.204E-05 | 8735E05 |  7.204E-05 720305 | GOTAE-05 | 7.95E-05 7.237E-05
ZINp | 3.291E05 | 3320E05 | 3.392E-05 | 3.320E-05 3320E05 | 3244E-05 | 3.299E-05 3.315E-05
Py | 1556E-04 | 1584E-04 | 1641E-04 | 1584E-04 1584E-04 | 1551E04 | 1.586E-04 1.577E-04
Py | 7316E03 | 7450E03 | 7.612E-03 | 7450E-03 T449E03 | TA61E03 | 7442E03 7482603
Py | 6.316E-06 | 6.376E06 | G.A91E-06 | 6.376E-06 6375E06 | 6.208E-06 | 6413E06 6.361E-06
2Py | 5416E-03 | 5500E03 | 5716E-03 | 5500E-03 5501E03 | 5300E-038 | 5517E-03 5.518E-03
0Py | 4.028E-05 | 4.068E05 | 4.176E-05 | 4.068E-05 4068E-05 | 3977E05 | 4.103E-05 4.065E-05
WAm | 2442E-05 | 2445605 | 2538E-05 | 2445605 2444E05 | 2379E-05 | 242305 244805
wAm | 2505605 | 2611E05 | 2704E05 | 2611E05 2611E05 | 254305 | 2621E05 2611E05
ALL | B588E03 | 6474E03 | 6.037E-03 | 6474E03 6475E03 | 6.508E-03 NR. 6.479E-03
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Table 50. Scattering rate on the BUC nuclide in s™ (sub-phase 3)

CEA | scaleat | oMvPdl | SOAES! | SOMESA i~ SOALES 1 CEA
Case Apz%éoz KENO-Va 69G KENOVa | KENO-VI %@;“1"%3 KENO-VI CZE'PE?]';':‘
238G 238G 238G 238G - Energy

®Mo | 1704E-03 | 1700E03 | 1709E-03 | 1700E-03 | 1701E-03 | 1763E-03 | 1.692E-03 1.712E-03
®Tc | 7690E-04 | 7671E-04 | 6795E-04 | 7.671E-04 | 7671E-04 | 6432E-04 | 7.675E-04 7 684E-04
"Ry | 2042E-03 | 2036E-03 | 1808E-03 | 2036E-03 | 2036E-03 | 1724E-03 | 2035603 2.052E-03
WRh | 1413604 | 1413E-04 | 1215E-04 | 1413E-04 | 1413E-04 | 1060E04 | 1411E-04 1 415E-04
iGAg | 1605E-04 | 1502E-04 | 1587E-04 | 1592E-04 | 1593E-04 | 1301E-04 | 1602E-04 1509E-04
wCs | 5027E-04 | 4988E-04 | 4375E-04 | 4988E-04 | 4.989E-04 | 4085E-04 | 4974E-04 5.048E-04
WNJ | 7320E04 | 7331E-04 | 7834E-04 | 7331E-04 | 7.332E-04 | T493E-04 | 7.324E-04 7 441E-04
wNd | 1538E-03 | 1505E-03 | 1954E-03 | 1505E-03 | 1506E-03 | 1040E-03 | 1498E-03 1518E-03
WSm | 7207E-04 | 6.948E-04 | 9.237E-04 | G6.948E-04 | 6949E-04 | 9060E-04 |  6.948E-04 7.107E-04
usSm | 8.062E-06 | 8.06E-06 | 8.335E-06 | B.106E-06 | 8.09E-06 | 7.667E-06 | B8.158E-06 8.094E-06
wSm | 1071E-03 | 1054E-03 | 1371E-03 | 1.054E-03 | 1054E-03 | 1176E-03 | 1.053E-03 1.085E-03
©1Sm | 1316E-05 | 1316E-05 | 1285E-05 | 1316E-05 | 1316E-05 | 1203E-05 | 1.313E-05 1.318E-05
wSm | 5827E-04 | 5763E-04 | 1161E-03 | 5763E-04 | 5755E-04 | 5650E-04 |  5.943E-04 5.737E-04
WEW | 1363E-04 | 1364E-04 | 1274E-04 | 1364E-04 | 1364E-04 | 1208E-04 | 1367E-04 1.300E-04
w5Gd | 2.602E-06 | 2694E-06 | 2605E-06 | 2694E-06 | 2694E-06 | 2471E-06 | 2.696E-06 2.700E-06
2 | 3604E-04 | 3615E-04 | 3313E-04 | 3615E-04 | 3615604 | 3.125E-04 | 3.625E-04 3.620E-04
2 | 1367E-03 | 1357E-03 | 1426E-03 | 1357E-03 | 1357E-03 | 1358E-03 | 1351E-03 1.375E-03
ZiNp | 2437E-04 | 2433E-04 | 2256E-04 | 2433E-04 | 2434E-04 | 2140E-04 | 2431E-04 2 434E-04
2Py | 2273E-04 | 20247E-04 | 271E04 | 2247E-04 | 20247E-04 | 2062E-04 | 2.250E-04 2301E-04
2Py | 2305E-04 | 2331E-04 | 2022E-04 | 2331E-04 | 2331E-04 | 1.960E-04 | 2.332E-04 2337E-04
2Py | 6402E-05 | 6.282E-05 | 5692E-05 | 6282E-05 | 6.279E-05 | 5672E-05 | 6.251E-05 6.299E-05
wPy | 1278E-04 | 1284E-04 | 1.144E-04 | 1284E-04 | 1284E-04 | 1.079E-04 | 1.085E-04 1.285E-04
wpy | 3753E-04 | 3707E-04 | 3998E04 | 3707E-04 | 3707E-04 | 3604E-04 | 3741E-04 3.750E-04
%Am | 6027E-05 | 6017E05 | 5460E-05 | 6.017E-05 | 6.017E-05 | 5038E-05 | 6.010E-05 6.014E-05
2Am | 1846E-04 | 1841E-04 | 1684E-04 | 1841E-04 | 1841E04 | 1446E-04 | 1.844E-04 1.843E-04
0B | 3336E-06 | 3332E-06 | 3112E-06 | 3332E-06 | 3332E-06 | 2961E-06 | 3.324E-06 3.300E-06
ALL | 1135E-02 | 1083E-02 | 1022E-02 | 1083E-02 | 1083E-02 | 1.037E-02 NR. 1.088E-02
3.3.4 Reactivity worth

3.3.4.1 Eigen-value difference method

Reactivity worth calculated by the eigen value difference method are presented in Figures
43 and 44 , with the calculated values reported in Table 51.

As observed in sub-phase 2, most of the trends on reactivity worth are similar to the ones
observed for the absorption and production rate of the BUC nuclide.

The best agreement with TRIPOLI4 is obtained by SCALEG6.1 calculations from ORNL
and EMS, and also APOLLO2 calculations from CEA with differences within 3% for most
cases. Most of VUJE calculations fail to evaluate correctly the reactivity worth, due to the
convergence of the k-effective of each case at around 40 pcm, which correspond to the
magnitude of the reactivity worth of each added nuclide.

More complications are observed for the calculation of the case 28 where large differences
are observed between all code systems. Even if the reactivity worth is smaller than in sub-
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phase 2 (around 100 pcm), the TRIPOLI4 reference calculation is converged enough to
identify significant differences from participants. It seems that calculations of reactivity worth
in the case of large scattering effects are not well predicted by participants. Deterministic
solutions may be limited to the evaluation of a large local variation of the diffusion coefficient
which may affect the axial leakage close to the central cell (streaming effect). In the case of
Monte-Carlo solutions though, it is more complicated to explain the differences as neutron
leakage are treated explicitly. A possible explanation could come from the processing of multi-
group cross-sections which are based on a 1D formalism, which is unable to correctly account
for the local perturbation due to the voided cell. The same kind of conclusions can be drawn
for the case 29 where the fuel is substituted by light water.

Figure 43. Relative difference in the reactivity worth by the eigen-value difference method for
cases 1 to 15 of sub-phase 3 (y-axis scaled from -20% to 20% difference)

Reactivity Variation (Eigen Value Difference Method)
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Figure 44. Relative difference in the reactivity worth by the eigen-value difference method for
cases 16 to 29 of sub-phase 3 (y-axis scaled from -20% to 20% difference)

Reactivity Variation (Eigen Value Difference Method)
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Table 51. Reactivity worth by the eigen-value difference method in pcm (sub-phase 3)

CEA scihLAEe 1| GMvPAl soOARLhélé 1 soOARLhélé 1 PSI S(;/Alf_JEES 1 CEA
Gase | ATDLZ | KeNOVa 69G KENO-Va KENO-VI FATIS KENO-VI CoRFOLH
238G 238G 238G 238G - ENergy

Mo 685 68206) | -698(0.9) 682(0.6) 673(06) 688 -116.0(22.5) 69.6(15)
e 832 81006) | -872009) 810(06) 817(06) 793 144.0(23.8) 839(15)
"Ry | 815 766(06) | -734(0.9) 76.6(0.6) 784(0.6) 105 -106.0(23.8) 802(15)
WRh | 1063 | -1032(06) | -949(0.9) | -1032(06) -1045(0.6) 99 154.0(23.2) -105.1(15)
t9Ag 722 69006) | -703(0.9) 69.00.6) 701(0.6) 685 11.00238) 69.2(15)
15Cs 77 746(08) | -754(0.9) 746(0.6) 754(0.6) 756 133.0(24.4) 76.1(15)
WNd | 143 | -1145(06) | -111209) | -1145(06) 134(06) 1122 1240(23.2) 112.5(15)
wNd | 042 | -1006(06) | -1037(09) | -100.6(06) -1010(06) 1055 -165.0020.7) -1019(15)
wSm | 849 80106) | -763(0.9) 801(0.6) 810(06) 832 129.0(219) 84.5(15)
wSm | 1093 | -107506) | -110909) | -1075086) -109.9(06) 1066 133.0213) -106.1(15)
wSm | 1127 | -1108(6.1) | -118909) | -1108(6.1) 1112(6.1) 1191 141.0(20.7) 139(15)
wSm | 1184 | -117306) | -112809) | -117.306) -1183(06) 1164 -160.0(21.3) 187(15)
wSm | 633 625(06) | -878009) 625(0.6) 633(0.6) 11 138.0(213) 64.0(1.5)
SE 16 | 1126(06) | -100609) | -1126(06) 112.8(06) 125 930(219) 141(15)
5Gd 14| 112806) | 412009 | 112806 124(06) 121 -166.0(21.9) 135(15)
2 70 73306) | 719(0.9) 733(0.6) 70.7(0.6) 702 47.0(24.9) 716(14)
2y 354 32708) | -304(09) 327(06) 340(0.6) 316 710(207) 36.8(15)
ZiNp | 087 | -1052(06) | -1106(09) | -1052(06) -106.8(0.6) 1049 165.0024.4) -109.3(15)
2Py | 194 | -117.806) | -1197(09) | -117.8(06) -182(0.6) 1164 -143.0(20.7) 176(15)
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Table 51. Reactivity worth by the eigen-value difference method in pcm (sub-phase 3)

(continued)
29py 98.4 99.7(0.6) 97.0(0.9) 99.7(0.6) 97.8(0.6) 975 72.0(22.5) 99.4(1.4)
0Py -59.6 -55.9(0.6) -61.8(0.9) -55.9(0.6) -57.6(0.6) -54 -74.0(23.1) -58.0(1.5)
1Py 118 1136(06) | 112.60.9) 113.6(0.6) 112.5(0.6) 110.2 36.0(25.5) 110.6(1.4)
2Py -37.7 -35.1(0.6) -59.5(0.9) -35.1(0.6) -36.7(0.6) 335 -63.0(21.3) -34.1(1.5)
21Am 1037 -100.5(0.8) | -101.0(0.9) -100.5(0.6) -102.2(0.6) -101.2 -155.0(21.3) 99.0(1.5)
23Am -83 -78.5(0.6) -91.1(0.9) -78.5(0.6) -79.8(0.6) 77 -118.0(21.3) -80.9(1.5)
108 -86.9 -86.2(0.6) -86.1(0.9) -86.2(0.6) -86.5(0.6) -84.7 -133.0(23.8) -86.7(1.5)
ALL -854.1 -769.2(0.6) | -928.5(0.9) -769.2(0.6) -768.6(0.6) -879.1 -816.0(25.2) -772.2(15)
Air 749 98.0(0.6) 77.8(0.9) 98.0(0.6) 98.2(0.6) 729 53.0(26.1) 90.8(1.4)
Lw 117 128.0(0.6) 99.5(0.9) 128.0(0.6) 126.8(0.6) 1204 67.0(26.1) 121.3(1.4)

3.3.4.2 Perturbation method

Comparisons of reactivity worth calculation based on perturbation are illustrated in Figures 45
and 46 while the calculated values are reported in Table 52. Comparisons are still performed
relatively to TRIPOLI4 calculations based on the eigen value difference method.

A reasonably good agreement is observed for TRIPOLI4 calculations based on the
correlated sample method on most of fission products (except **Sm) with differences of less
than 5% compared with the eigen value difference method. This is not the case for the actinide
nuclides where differences larger than 5% for several of them, and even more for the case of
fuel substitution by air and light water where the method fails to correctly predict the reactivity
worth. Like in sub-phase 2, the best agreement is still obtained from APOLLO2 exact
perturbation calculations, with differences of less than 3% for most of the nuclides. The only
exception concerns **’Pu which is overestimated by more than 10%, consistently with the
eigen value difference method, while it was not in sub-phase 2. Nevertheless, it should be
noted that the uncertainty on the reference value provided by TRIPOLI4 is almost 5%, due to
the fact that the reactivity worth of this case is only 35 pcm. Moreover, the calculation of the
absorption rate on ***Pu does not show any significant error arising from APOLLO2, so it can
be concluded that at least a part of the observed discrepancy can come from the convergence
of the TRIPOLI4 calculation. GMVP-II calculations show similar results to APOLLO2 for
actinide nuclides where the agreement is mostly under 5% but still underestimate the fission
product reactivity worth by more than 10%. This trend is even higher than the one observed in
the eigen-value difference method, which means that a potential bias could come from the
adjoint flux calculation, taking into account the reasonably good agreement observed on the
calculation of the absorption rate on the BUC nuclide.
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Figure 45. Relative difference in the reactivity worth by the perturbation method
for cases 1 to 15 of sub-phase 3
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Figure 46. Relative difference in the reactivity worth by the perturbation method
for cases 16 to 29 of sub-phase 3
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Table 52. Reactivity worth by the perturbation method in pcm (sub-phase 3)

CEA | schlte1 | owvedl | SGALES SCALES i~ SOALES CEA
Case Apz%éoz KENO-Va 69G KENO-Va KENO-VI %’é\;':"%’ KENO-VI Cm’g‘;’:‘
238G 238G 238G 238G - Energy

Mo 696 NR. 583 NR. NR. NR. NR. 64.1(0.8)
e 843 NR. 709 NR. NR. NR. NR. 827(3.4)
Ry 3 NR. 3.1 NR. NR. NR. NR. 781(0.5)
wRh | -106.6 NR. 207 NR. NR. NR. NR. -1029(03)
t9Ag 726 NR. 54 NR. NR. NR. NR. 66.3(0.5)
15Cs 779 NR. 624 NR. NR. NR. NR. 719(06)
wWNd | 147 NR. 1067 NR. NR. NR. NR. 1125(03)
wNd | 1052 NR. 889 NR. NR. NR. NR. 96.8(0.6)
wsm | 854 NR. 642 NR. NR. NR. NR. 79.004)
wSm | 1004 NR. 1089 NR. NR. NR. NR. 2107203)
wSm | 1138 NR. 1055 NR. NR. NR. NR. 107(07)
wSm | 1185 NR. 13 NR. NR. NR. NR. 173(03)
wSm | 643 NR. 483 NR. NR. NR. NR. 523(0.8)
wEs | 1164 NR. 974 NR. NR. NR. NR. 133(03)
wGd | 1141 NR. 1126 NR. NR. NR. NR. 1133(03)
2 696 NR. 722 NR. NR. NR. NR. 67.1(0.3)
2y 364 NR. 301 NR. NR. NR. NR. 288(04)
ZiNp | 1091 NR. 110 NR. NR. NR. NR. -106.3(0.3)
2Py | 1194 NR. 119 NR. NR. NR. NR. 17.203)
2Py 978 NR. 997 NR. NR. NR. NR. 85.8(0.4)
20py 597 NR. 571 NR. NR. NR. NR. 552(14)
w1y 113 NR. 141 NR. NR. NR. NR. 1011(0.3)
22py 381 NR. ) NR. NR. NR. NR. 291(0.4)
wAm | -103.9 NR. 1028 NR. NR. NR. NR. -1018(03)
wAm | 833 NR. 887 NR. NR. NR. NR. 780(0.3)
0B 87 NR. 873 NR. NR. NR. NR. 86.00.3)
ALL | 8701 NR. 8108 NR. NR. NR. NR. 6343(18.0)
Air 877 NR. 103 NR. NR. NR. NR. 1335.0(8.6)
LW 122 NR. 1276 NR. NR. NR. NR. 3001(73.6)

3.3.4.3 Individual components

In this sub-phase, only GMVP-II and APOLLO2 were able to provide the different
components in the reactivity breakdown. They are illustrated in Figure 47, with the values
reported in Table 53.

Comparisons still show an excellent agreement for the cases of *°U, *’Pu and **'Pu, like
in sub-phase 2. Even the scattering components, which are very small for all nuclides, are in
quite good agreement (except in the case of °Sm, which may be due partly to the
overestimation by 30% of the scattering rate by GMVP).
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Figure 47. Comparison of reactivity worth components due to absorption and production
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Table 53. Components of the reactivity worth due to absorption, production and
scattering in percents of the total reactivity worth (sub-phase 3)

Case Absorption / Total Production / Total Scattering / Total
cese | APOLLOZ ! APOLLO2 ! APOLLO? e
281G 281G 281G
%Mo 99.986 99.968 -0.003 0 0.017 0.033
®Tc 100.079 99.998 -0.002 -0.001 -0.078 0.003
101Ru 100.203 100.09 -0.003 0 0.2 -0.089
103Rh 100.006 100 0 0 -0.006 0
109Ag 100.009 100 -0.001 -0.002 -0.009 0.002
133Cs 100.034 99.976 -0.001 -0.001 -0.032 0.025
143Nd 99.991 100.001 -0.001 0 0.009 -0.001
145Nd 99.967 99.976 -0.002 -0.002 0.035 0.026
147Sm 100.033 99.999 -0.006 0 -0.027 0.001
1495 m 100 100 0 0 0 0
150Sm 100.21 99.969 -0.001 0 -0.209 0.031
151Sm 100.002 100 0 0 -0.002 0
1528m 99.085 99.962 0 -0.003 0.915 0.041
153EY 100.014 100.002 -0.001 0 -0.013 -0.002
155G 100 100 0 0 0 0
25y -361.596 -350.39 461.58 450.39 0.016 -0.001
26y 115.57 121.181 -15.404 212 -0.166 0.018
ZNp 102.344 102.265 2.334 -2.262 -0.009 -0.003
8Py 110.143 110.109 -10.141 -10.108 -0.002 -0.001
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Table 53. Components of the reactivity worth due to absorption, production and
scattering in percents of the total reactivity worth (sub-phase 3)

(continued)

239py -487.155 -459.254 587.149 559.253 0.006 0.001
0Py 100.83 100.832 -0.825 -0.832 -0.005 0
1Py -276.495 -266.255 376.492 366.256 0.002 -0.001
2Py 108.251 105.094 -8.249 -5.005 -0.002 0.001
21Am 101.819 101.812 -1.816 -1.811 -0.003 -0.001
237m 102.436 102.239 2425 -2.235 -0.011 -0.004

108 100 100 0 0 0 0
ALL 184.468 171.754 -84.449 -71.769 -0.019 0.015

3.4. Sub-phase 4 results

The calculation results for sub-phases 4 and their analysis are presented in Sections 3.4.1 to
344

3.4.1 Effective multiplication factor

Calculations of the k. are presented in Figures 48 and 49. Corresponding values are given in
Table 54.

Like in sub-phases 3, GMVP-II calculations overestimate the k. by several thousands of
pcm, maybe due to an incorrect account for neutron leakage. SCALEG6 calculations by EMS,
ORNL and VUIE just like CASMOS calculations agree in the overestimation of the kg by
300-400 pcm compared with TRIPOLI4, while they all underestimate it by around 500 pcm in
sub-phase 3. The best agreement with TRIPOLI4 is observed with APOLLO2 where the k. is
within 100 pcm. The same remark can be made with these calculations as they both
underestimate the k. by 400 to 500 pcm whereas they are in good agreement with TRIPOLI4
in this sub-phase. A possible explanation could come from the account of radial leakage which
is explicitly treated in this sub-phase, while the axial leakage in sub-phase 3 is treated using a
B1 homogeneous model.

106



NEA/NSC/R(2016)2
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Figure 48. Absolute difference in the effective multiplication factor K¢
for cases 0 to 14 of sub-phase 4
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Figure 49. Absolute difference in the effective multiplication factor K¢
for cases 15 to 29 of sub-phase 4
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Table 54. k. calculations (sub-phase 4)

CEA SCALE® GMVP-I SCALES 1 SCALES 1 i~ SOALES CEA

Case Apz%éoz KENO-Va 69G KENO-Va KENO-VI %@;“1"%3 KENO-VI CZQ'PE?;':’
238G 238G 238G 238G - ENergy
0 109504 1.09954(6) 1174780(18) | 1.099407(12) 1.099411(10) 109981 1.09886(43) 1.095909(32)
®Mo | 1.00498 1.09950(6) 1174500(18) |  1.099350(12) 1.099340(10) 10998 1.09943(48) 1.095850(23)
WTc | 109496 1.09933(6) 1474350(18) | 1.099320(12) 1.099340(10) 100977 1.09952(51) 1.095860(23)
"Ry | 109496 1.09930(6) 1174490(18) | 1.099310(12) 1.099350(10) 109978 1.09941(43) 1.095830(23)
@Rh | 109494 1.09938(6) 1174660(18) | 1.099290(12) 1.099320(10) 109981 110024(47) 1.095880(23)
wAg | 100497 1.09942(6) 117442018) | 1.099360(12) 1.099360(10) 10998 1.09890(46) 1.095820(23)
wCs | 100497 1.09938(6) 1174400(18) | 1.099350(10) 1.099350(10) 100977 1.09967(49) 1.095830(23)
wNd | 100493 1.09947(6) 1174550(18) |  1.099320(10) 1.099300(10) 100977 1.09984(40) 1.095790(23)
wNd | 100494 1.09939(6) 117432018) | 1.099290(10) 1.099320(10) 10998 1.09926(46) 1.095790(23)
wSm | 1.09496 1.09943(6) 117442018) | 1.099350(12) 1.099340(10) 109977 1.09941(48) 1.095850(23)
uSm | 1.00494 1.09945(6) 1174600(18) |  1.099310(12) 1.099310(10) 109976 1.09985(42) 1.095790(23)
wSm | 1.00494 1.09942(6) 147442018) | 1.099310(12) 1.099320(10) 109976 1.09889(43) 1.095800(23)
w1Sm | 1.00493 1.09941(6) 1174620(18) |  1.099290(12) 1.099310(10) 109982 1.09930(40) 1.095770(23)
wSm | 1.00498 1.09942(6) 1174070(18) | 1.099360(12) 1.099350(10) 109977 1.09991(42) 1.095840(23)
WEY | 100493 1.09937(6) 1174590(18) | 1.099330(12) 1.099310(10) 109977 110002(46) 1.095770(23)
wGd | 100493 1.09931(6) 1174640(18) |  1.099320(12) 1.099290(10) 109995 1.09927(49) 1.095780(23)
20 | 10051 1.09979(6) 1174830(18) | 1.099470(12) 1.099490(10) 109985 1.09969(46) 1.095040(23)
20 | 1.00501 1.09930(6) 1174660(18) |  1.099400(12) 1.099400(10) 109977 1.09957(42) 1.095880(23)
ZiNp | 100494 1.09936(6) 1174620(18) | 1.099320(12) 1.099320(10) 109976 1.09919(49) 1.095780(23)
2Py | 100493 1.09936(6) 1174630(18) | 1.099290(12) 1.099310(10) 109998 1.09928(47) 1.095760(23)
Zpy | 100513 1.09958(6) 1174850(18) |  1.099520(12) 1.099520(10) 109982 1.09990(42) 1.096000(23)
2Py | 100498 1.09958(6) 1174660(18) |  1.099340(12) 1.099360(10) 109999 1.09987(47) 1.095850(23)
wPy | 109514 1.09957(6) 1174870(18) | 1.099520(12) 1.099540(10) 109984 1.09921(48) 1.096060(23)
22py 1095 1.09948(6) 147473018) | 1.099390(12) 1.099380(10) 109978 1.09939(45) 1.095890(23)
#Am | 109494 1.09941(6) 1174580(18) | 1.099300(12) 1.099340(10) 10998 1.09999(41) 1.095820(23)
2Am | 109496 1.09944(6) 1174620(18) |  1.099360(10) 1.099350(10) 109979 1.09972(47) 1.095850(23)
B | 100496 1.09948(6) 147472018) | 1.099360(12) 1.099320(10) 109907 1.09971(41) 1.095850(23)
ALL | 109425 1.09867(7) 1471950(18) | 1.098700(12) 1.098680(10) 109994 1.09864(43) 1.095090(23)
Ar | 109509 1.09963(6) 1174500(18) | 1.099480(12) 1.099510(10) 110001 110037(52) 1.095890(34)
W | 109515 1.09966(6) 1174400(18) |  1.099550(12) 1.099570(10) 109981 1.09945(46) 1.096000(34)

3.4.2 Neutron flux

Comparisons of the integrated neutron flux over the central fuel cell are illustrated in Figures
50 and 51, and calculation results are reported in Table 55.

All of them succeed in the calculation of this parameter within less than 2%, except
CASMOS5 which underestimate the neutron flux by 1.5% and GMVP-II calculations which
overestimate it by more than 11%. It seems that this bias is correlated to the one on the kg, as
in sub-phase 3, the 2000 pcm overestimation of the k. was associated to a 3% overestimation
of the neutron flux. VUJE results show differences between cases which may be not linked to
the kind of isotope but more to the convergence of the calculation: as the k. is reported at £45
pem, it is likely that not enough neutrons have reached the central cell to produce a correct
evaluation of the 1-group neutron flux.
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Figure 50. Relative difference in the neutron flux for cases 0 to 14 of sub-phase 4
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Figure 51. Relative difference in the neutron flux for cases 15 to 29 of sub-phase 4
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Table 55. Neutron flux in cm™s™” (sub-phase 4)

CEA SCALE® GMVP-I SCALES 1 SCALES 1 i~ SOALES CEA

Case Apz%éoz KENO-Va 69G KENO-Va KENO-VI %@;“1"%3 KENO-VI CZQ'PE?;':’
238G 238G 238G 238G - ENergy

0 NR. 21050E-03 23100E-03 2.1030E-03 2101003 20430503 | 20810E-03 20750603
Mo NR. 2.0950E-03 2.2880E-03 2.0800E-03 2.0810E-03 20190503 | 2.0600E-03 2.0500E-03
e NR. 2.0750E-03 2.2840E-03 2.0790E-03 2.0790E-03 20170503 | 21150603 2.0480E-03
Ry NR. 2.0790E-03 22870803 2.0800E-03 2.0800E-03 20100803 | 2.0430E-03 2.0490E-03
05Rh NR. 2.0690E-03 2278003 2.0730E-03 2.0730E-03 2011003 | 2.0860E-03 2.0420E-03
toAg NR. 2.0840E-03 2.2900E-03 2.0820E-03 2.0820E-03 20210503 | 2.0520E-03 2.0500E-03
15Cs NR. 2.0800E-03 2.2880E-03 2.0810E-03 2.0800E-03 20180503 | 2.0860E-03 2.0500E-03
1N NR. 2.0680E-03 2.2690E-03 2.0650E-03 2.0670E-03 2 0030E03 | 2.0800E-03 2.0360E-03
N NR. 2.0610E-03 22750603 2.0710E-03 2.0710E-03 20070803 | 2.1160E-03 2.0390E-03
wSm NR. 2.0720E-03 22870803 2.0790E-03 2.0790E-03 20160503 | 2.0490E-03 2.0480E-03
oS NR. 2.0690E-03 2.2700E-03 2.0680E-03 2.0690E-03 20050603 | 2.0930E-03 2.0380E-03
S NR. 2.0650E-03 2.2700E-03 2.0670E-03 2.0660E-03 20010503 | 2.0590E-03 2.0370E-03
w1Sm NR. 2.0690E-03 2.2660E-03 2.0620E-03 2.0640E-03 20010503 | 2.0760E-03 2.0320E-03
w2Sm NR. 2 0770E-03 2202003 2.0830E-03 2.0820E-03 20220603 | 20710E-03 2.0510E-03
SE NR. 2. 0730E-03 2273003 2.0690E-03 2.0700E-03 2 0060E-03 | 2.0430E-03 2.0380E-03
5Gd NR. 2.0650E-03 2.2670E-03 2.0640E-03 2.0650E-03 2 0020E03 | 2.0890E-03 2.0320E-03
2 NR. 2 1150E-03 23180E-03 2.1120E-03 2.1120E-03 20550503 | 2.0770E03 2.0810E-03
2y NR. 2.0920E-03 2.3000E-03 2.0930E-03 2.0920E-03 20330503 | 21050603 2.0630E-03
ZNp NR. 20710E-03 2.2680E-03 2.0720E-03 2.0710E-03 20090E-03 | 2.0800E-03 2.0420E-03
zepy NR. 2.0550E-03 2.2650E-03 2.0640E-03 2.0640E-03 20010503 | 2.0500E-03 2.0340E-03
2Py NR. 21200E-03 2.3090E-03 2.1130E-03 2.1140E-03 20590503 | 2.1730E03 2.0830E-03
20py NR. 2.0880E-03 2.2870E-03 2.0860E-03 2.0840E-03 2 0260E03 | 2.0460E-03 2.0560E-03
2Py NR. 21210E-03 23270603 2123003 2123003 20670503 | 2.0760E-03 2.0920E-03
22py NR. 21010E-03 2.2890E-03 2.0930E-03 2.0930E-03 20330603 | 2.0990E-03 2.0610E-03
21Am NR. 2.0810E-03 2.2690E-03 2.0730E-03 2.0710E-03 20090503 | 2.0430E-03 2.0410E-03
25Am NR. 2.0810E-03 2.2750E-03 2.0800E-03 2.0800E-03 20190503 | 2.1060E-03 2.0500E-03
0B NR. 2.0690E-03 2.2780E-03 2.0750E-03 2.0740E-03 2012003 | 20710E03 2.0470E-03
ALL NR. 1.8270E-03 1.9200E-03 1.8400E-03 1.8400E-03 17460203 | 18470E-03 1.7970E-03
Air NR. 21350E-03 2.0100E-03 21320603 2134003 20710803 | 2.1550E-03 2.1020E-03
W NR. 21730E-03 24030E-03 2.1650E-03 2.1650E-03 21060503 | 2.1650E-03 2.1380E-03

3.4.3 Reaction rates

Comparisons of reaction rate calculations performed on ***U, ***U and '°O are illustrated in
Figure 48, for the first case (case 0 without BUC nuclide) as the same conclusions can be

observed for cases 1 to 27. The calculation results are reported in Table 56 to Table 63.

Most of the conclusions drawn in sub-phase 3 are similar in sub-phases 4. As discussed in
the previous section, the bias of more than 10% on the 1-group neutron flux in GMVP-II
calculations affects the reaction rates of >°U, **U and '°O in the same way. Other results are
consistent with sub-phase 3 and show a good agreement with TRIPOLI4, with differences
lower than 2% compared to TRIPOLI4.

Comparisons of reaction rate calculations on the BUC nuclide are illustrated in Figure 53

to Figure 57, with the full list of results in Table 64 to Table 66.
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Results on absorption rate are also similar to the ones of sub-phase 3, with differences to
TRIPOLI4 calculations by a few percent, except for GMVP-II calculations, which are
overestimated by more than 20% for several fission products, while there were not in sub-
phase 2. These results are not confirmed on production rate on the BUC nuclide, where
GMVP-II calculations are in quite the same agreement with TRIPOLI4 than in sub-phase 2.
The other calculations are in good agreement with TRIPOLI4 within less than 3%, with similar
trends compared with sub-phase 2.

Figure 52. Relative difference in the reaction rates of **U, ***U and '°0 of sub-phase 4 (case 0)
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Table 56. Absorption rate on **°U in s (sub-phase 4)

CEA | scaleet | owvPd | SOALEGt | SoALEG Pl SOALES CEA

Case Apz%éoz KENO-Va 69G KENO-Va KENO-VI %’gg/ﬁ"% KENO-VI CTR'POL'4
238G 238G 238G 238G ont. Energy

0 NR. 3.3910E-05 | 3.8520E-05 | 3.3830E-05 3.3790E-05 3.2960E-05 3.2390E-05 3.3320E-05
%Mo NR. 3.2700E-05 | 3.7450E-05 | 3.2400E-05 3.2440E-05 3.1500E-05 3.2600E-05 3.2030E-05
*Tc NR. 3.2920E-05 | 3.7430E-05 | 3.2650E-05 3.2630E-05 3.1730E-05 3.3990E-05 3.2080E-05
"Ru NR. 3.3160E-05 | 3.7810E-05 | 3.2930E-05 3.2950E-05 3.1840E-05 3.3530E-05 3.2470E-05
"%Rh NR. 3.1880E-05 | 3.6770E-05 | 3.2140E-05 3.2140E-05 3.1180E-05 3.2540E-05 3.1640E-05
1°Ag NR. 3.2540E-05 | 3.7650E-05 | 3.2760E-05 3.2760E-05 3.1850E-05 3.2940E-05 3.2230E-05
1%Cs NR. 3.3000E-05 | 3.7540E-05 | 3.2640E-05 3.2640E-05 3.1690E-05 3.1950E-05 3.2060E-05
"3Nd NR. 3.0930E-05 | 3.5150E-05 | 3.0870E-05 3.0900E-05 2.9860E-05 3.0820E-05 3.0340E-05
"“Nd NR. 3.1700E-05 | 3.6580E-05 | 3.1810E-05 3.1800E-05 3.0780E-05 3.2810E-05 3.1270E-05
“8m NR. 3.2750E-05 | 3.7610E-05 | 3.2660E-05 3.2710E-05 3.1720E-05 3.2790E-05 3.2280E-05
198m NR. 3.1450E-05 | 3.5530E-05 | 3.1420E-05 3.1400E-05 3.0380E-05 3.1590E-05 3.0960E-05
150Sm NR. 3.0900E-05 | 3.5980E-05 | 3.1080E-05 3.1110E-05 3.0030E-05 3.2050E-05 3.0610E-05
151Sm NR. 3.0420E-05 | 3.4440E-05 | 3.0230E-05 3.0270E-05 2.9240E-05 3.0940E-05 2.9780E-05
1528m NR. 3.2770E-05 | 3.7740E-05 | 3.2750E-05 3.2730E-05 3.1800E-05 3.3240E-05 3.2190E-05
"3Eu NR. 3.4710E-05 | 3.6450E-05 | 3.1840E-05 3.1840E-05 3.0820E-05 3.1710E-05 3.1270E-05
1%Gd NR. 3.0350E-05 | 3.4530E-05 | 3.0300E-05 3.0360E-05 2.9300E-05 3.1320E-05 2.9830E-05
U NR. 1.1230E-04 | 1.2220E-04 | 1.0840E-04 1.0840E-04 1.0440E-04 1.0800E-04 1.0660E-04
26U N.R. 3.3340E-05 | 3.8090E-05 | 3.3440E-05 3.3420E-05 3.2560E-05 3.3800E-05 3.2990E-05
Z'Np NR. 3.2140E-05 | 3.6300E-05 | 3.2050E-05 3.2030E-05 3.1030E-05 3.2110E-05 3.1530E-05
Py NR. 2.9990E-05 | 3.4200E-05 | 3.0260E-05 3.0260E-05 2.9220E-05 2.9930E-05 2.9800E-05
#Pu NR. 2.4420E-05 | 2.7080E-05 | 24470E-05 2.4450E-05 2.3370E-05 2.4840E-05 2.4050E-05
2Py NR. 3.3090E-05 | 3.7420E-05 | 3.3100E-05 3.3040E-05 3.2140E-05 3.3490E-05 3.2570E-05
#1Pu N.R. 2.7080E-05 | 3.0330E-05 | 2.7090E-05 2.7110E-05 2.6060E-05 2.6500E-05 2.6690E-05
%Py NR. 3.3500E-05 | 3.7870E-05 | 3.3450E-05 3.3430E-05 3.2560E-05 3.3940E-05 3.3010E-05
all NR. 3.2090E-05 | 3.5910E-05 | 3.1870E-05 3.1800E-05 3.0860E-05 3.1400E-05 3.1300E-05
#3Am NR. 3.3190E-05 | 3.7190E-05 | 3.2950E-05 3.2950E-05 3.2020E-05 3.1720E-05 3.2500E-05
"B NR. 3.1640E-05 | 3.5840E-05 | 3.1620E-05 3.1590E-05 3.0370E-05 3.1630E-05 3.1140E-05
ALL NR. NR. 4.6250E05 | 4.6240E-05 4.6270E-05 1.1490E-05 4.7030E-05 1.2430E-05
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Table 57. Production rate on **U in s™ (sub-phase 4)

CEA | schlte1 | owvedl | SGALES SCALES i~ SOALES CEA

Case Apz%éoz KENO-Va 69G KENO-Va KENO-VI %’é\;':"%’ KENO-VI CTR'PO"'4
238G 238G 238G 238G ont. Energy

0 NR. 6.8840E-05 | 7.8100E-05 6.8630E-05 6.8540E-05 6.6860E-05 6.5730E-05 6.7620E-05
%Mo NR. 6.6300E-05 | 7.5930E-05 6.5690E-05 6.5770E-05 6.3850E-05 6.6080E-05 6.4950E-05
*Tc NR. 6.6770E-05 | 7.5920E-05 6.6190E-05 6.6160E-05 6.4320E-05 6.9010E-05 6.5060E-05
"Ru NR. 6.7280E-05 | 7.6720E-05 6.6800E-05 6.6860E-05 6.4640E-05 6.8090E-05 6.5910E-05
"%Rh NR. 6.4600E-05 | 7.4480E-05 6.5150E-05 6.5140E-05 6.3180E-05 6.6060E-05 6.4150E-05
1°Ag NR. 6.6020E-05 | 7.6350E-05 6.6440E-05 6.6450E-05 6.4570E-05 6.6900E-05 6.5390E-05
1%Cs NR. 6.6940E-05 | 7.6140E-05 6.6190E-05 6.6190E-05 6.4250E-05 6.4800E-05 6.5020E-05
"3Nd NR. 6.2600E-05 | 7.1100E-05 6.2500E-05 6.2550E-05 6.0430E-05 6.2310E-05 6.1430E-05
“Nd NR. 6.4240E-05 | 7.4130E-05 6.4460E-05 6.4460E-05 6.2360E-05 6.6400E-05 6.3380E-05
“8m NR. 6.6440E-05 | 7.6280E-05 6.6250E-05 6.6360E-05 6.4340E-05 6.6460E-05 6.5500E-05
198m NR. 6.3660E-05 | 7.1870E-05 6.3610E-05 6.3560E-05 6.1490E-05 6.3970E-05 6.2700E-05
150Sm NR. 6.2570E-05 | 7.2900E-05 6.2940E-05 6.2990E-05 6.0810E-05 6.4880E-05 6.2000E-05
151Sm NR. 6.1590E-05 | 6.9640E-05 6.1170E-05 6.1250E-05 5.9150E-05 6.2650E-05 6.0270E-05
1528m NR. 6.6470E-05 | 7.6530E-05 6.6410E-05 6.6380E-05 6.4470E-05 6.7330E-05 6.5310E-05
"3Eu NR. 6.4280E-05 | 7.3840E-05 6.4570E-05 6.4570E-05 6.2450E-05 6.4440E-05 6.3410E-05
1%5Gd NR. 6.1430E-05 | 6.9810E-05 6.1300E-05 6.1440E-05 5.9250E-05 6.3300E-05 6.0360E-05
U NR. 2.2710E-04 | 2.4700E-04 2.1910E-04 2.1920E-04 2.1090E-04 2.1830E-04 2.1550E-04
26U N.R. 6.7630E-05 | 7.7240E-05 6.7830E-05 6.7790E-05 6.6040E-05 6.8530E-05 6.6950E-05
Z'Np NR. 6.5160E-05 | 7.3530E-05 6.4970E-05 6.4920E-05 6.2880E-05 6.5070E-05 6.3920E-05
Py NR. 6.0690E-05 | 6.9130E-05 6.1240E-05 6.1220E-05 5.9110E-05 6.0530E-05 6.0310E-05
#Pu NR. 4.9150E-05 | 5.4430E-05 4.9270E-05 4.9230E-05 4.6990E-05 4.9900E-05 4.8420E-05
2Py NR. 6.7100E-05 | 7.5830E-05 6.7130E-05 6.7000E-05 6.5160E-05 6.7950E-05 6.6060E-05
#1Pu N.R. 54660E-05 | 6.1150E-05 5.4680E-05 5.4720E-05 5.2570E-05 5.3580E-05 5.3890E-05
2Py NR. 6.7960E-05 | 7.6770E-05 6.7840E-05 6.7820E-05 6.6020E-05 6.8770E-05 6.6970E-05
all NR. 6.5010E-05 | 7.2700E-05 6.4580E-05 6.4440E-05 6.2520E-05 6.3640E-05 6.3440E-05
23Am NR. 6.7310E-05 | 7.5400E-05 6.6830E-05 6.6840E-05 6.4930E-05 6.4160E-05 6.5940E-05
"B NR. 6.4070E-05 | 7.2540E-05 6.4040E-05 6.3990E-05 6.1500E-05 6.4170E-05 6.3080E-05
ALL NR. NR. 9.2140E-05 9.1510E-05 9.1560E-05 2.2740E-05 9.3050E-05 2.4650E-05
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Table 58. Scattering rate on >*°U in s™ (sub-phase 4)

CEA | schlte1 | owvedl | SGALES SCALES i~ SOALES CEA

Case Apz%éoz KENO-Va 69G KENO-Va KENO-VI %’é\;':"%’ KENO-VI CTR'PO"'4
238G 238G 238G 238G ont. Energy

0 NR. 3.7180E-06 | 3.6720E-06 3.7130E-06 3.7100E-06 3.2180E-06 3.6620E-06 3.6640E-06
%Mo NR. 3.6900E-06 | 3.6260E-06 3.6640E-06 3.6640E-06 3.1680E-06 3.6290E-06 3.6110E-06
*Tc NR. 3.6600E-06 | 3.6180E-06 3.6610E-06 3.6610E-06 3.1650E-06 3.7220E-06 3.6080E-06
"Ru NR. 3.6660E-06 | 3.6260E-06 3.6660E-06 3.6660E-06 3.1530E-06 3.6290E-06 3.6120E-06
"%Rh NR. 3.6360E-06 | 3.6010E-06 3.6430E-06 3.6440E-06 3.1480E-06 3.6680E-06 3.5910E-06
1°Ag NR. 3.6690E-06 | 3.6320E-06 3.6660E-06 3.6670E-06 3.1710E-06 3.6100E-06 3.6120E-06
1%Cs NR. 3.6700E-06 | 3.6260E-06 3.6650E-06 3.6630E-06 3.1660E-06 3.6750E-06 3.6100E-06
"3Nd NR. 3.6330E-06 | 3.5780E-06 3.6260E-06 3.6290E-06 3.1300E-06 3.6270E-06 3.5750E-06
“Nd NR. 3.6220E-06 | 3.5980E-06 3.6410E-06 3.6400E-06 3.1410E-06 3.7260E-06 3.5850E-06
“8m NR. 3.6550E-06 | 3.6250E-06 3.6600E-06 3.6610E-06 3.1610E-06 3.6080E-06 3.6080E-06
198m NR. 3.6320E-06 | 3.5780E-06 3.6320E-06 3.6330E-06 3.1340E-06 3.6840E-06 3.5790E-06
150Sm NR. 3.6290E-06 | 3.5850E-06 3.6300E-06 3.6290E-06 3.1280E-06 3.6370E-06 3.5780E-06
151Sm NR. 3.6290E-06 | 3.5720E-06 3.6190E-06 3.6220E-06 3.1240E-06 3.6610E-06 3.5670E-06
1528m NR. 3.6650E-06 | 3.6350E-06 3.6710E-06 3.6700E-06 3.1760E-06 3.6530E-06 3.6150E-06
"3Eu NR. 3.6420E-06 | 3.5930E-06 3.6370E-06 3.6390E-06 3.1380E-06 3.5880E-06 3.5830E-06
1%5Gd NR. 3.6250E-06 | 3.5770E-06 3.6220E-06 3.6250E-06 3.1260E-06 3.6770E-06 3.5680E-06
U NR. 1.4300E-05 | 1.3870E-05 1.4210E-05 1.4210E-05 1.2200E-05 1.4060E-05 1.4000E-05
26U N.R. 3.6890E-06 | 3.6530E-06 3.6920E-06 3.6910E-06 3.1970E-06 3.7360E-06 3.6400E-06
Z'Np NR. 3.6420E-06 | 3.5840E-06 3.6430E-06 3.6420E-06 3.1430E-06 3.6640E-06 3.5910E-06
Py NR. 3.6070E-06 | 3.5630E-06 3.6190E-06 3.6180E-06 3.1200E-06 3.5740E-06 3.5670E-06
#Pu NR. 3.5720E-06 | 3.4220E-06 3.5610E-06 3.5620E-06 3.0320E-06 3.6660E-06 3.5100E-06
2Py NR. 3.6830E-06 | 3.6220E-06 3.6760E-06 3.6720E-06 3.1810E-06 3.6220E-06 3.6230E-06
#1Pu N.R. 3.6310E-06 | 3.5230E-06 3.6310E-06 3.6300E-06 3.1110E-06 3.5290E-06 3.5780E-06
2Py NR. 3.7070E-06 | 3.6280E-06 3.6910E-06 3.6910E-06 3.1960E-06 3.7040E-06 3.6370E-06
all NR. 3.6600E-06 | 3.5790E-06 3.6440E-06 3.6400E-06 3.1430E-06 3.6020E-06 3.5880E-06
23Am NR. 3.6650E-06 | 3.5960E-06 3.6620E-06 3.6620E-06 3.1670E-06 3.7120E-06 3.6110E-06
"B NR. 3.6390E-06 | 3.6000E-06 3.6490E-06 3.6460E-06 3.1560E-06 3.6240E-06 3.6000E-06
ALL NR. NR. 1.0150E-05 1.1500E-05 1.1500E-05 2.3970E-06 1.1500E-05 2.8940E-06
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Table 59. Absorption rate on >**U in s (sub-phase 4)

CEA | schlte1 | owvedl | SGALES SCALES i~ SOALES CEA

Case Apz%éoz KENO-Va 69G KENO-Va KENO-VI %’é\;':"%’ KENO-VI CTR'PO"'4
238G 238G 238G 238G ont. Energy

0 NR. 5.3750E-05 | 5.9400E-05 5.3500E-05 5.3440E-05 5.1110E-05 4.9970E-05 5.2420E-05
%Mo NR. 5.2620E-05 | 5.8020E-05 5.2650E-05 5.2690E-05 5.0110E-05 5.5840E-05 5.1200E-05
*Tc NR. 5.1920E-05 | 5.7210E-05 5.1960E-05 5.2020E-05 5,0060E-05 5.1340E-05 5,0550E-05
"Ru NR. 5.3050E-05 | 5.8290E-05 5.2670E-05 5.2640E-05 5.0100E-05 5.2640E-05 5.1170E-05
"%Rh NR. 5.2580E-05 | 5.8320E-05 5.2510E-05 5.2510E-05 5,0000E-05 5.0610E-05 5.1050E-05
1°Ag NR. 5.2600E-05 | 5.7640E-05 5.2650E-05 5.2630E-05 5,0410E-05 5.4850E-05 5.1110E-05
1%Cs NR. 5.2820E-05 | 5.7550E-05 5.2210E-05 5.2110E-05 4.9760E-05 5.1900E-05 5.0650E-05
"3Nd NR. 5.2230E-05 | 5.7470E-05 5.1750E-05 5.1880E-05 4.9270E-05 5.1860E-05 5,0290E-05
“Nd NR. 5.2660E-05 | 5.7160E-05 5.2190E-05 5.2060E-05 4.9680E-05 5.3640E-05 5,0640E-05
“8m NR. 5.2720E-05 | 5.8010E-05 5.2650E-05 5.2600E-05 5,0010E-05 5.4000E-05 5.1130E-05
198m NR. 51750E-05 | 5.7580E-05 5.2150E-05 5.2090E-05 4.9550E-05 5.1040E-05 5,0680E-05
150Sm NR. 5.0650E-05 | 5.7040E-05 5,0890E-05 5,0990E-05 4.9280E-05 5.1040E-05 4.9680E-05
151Sm NR. 5.2060E-05 | 5.7020E-05 5.1440E-05 5.1470E-05 4.8940E-05 5.1660E-05 5,0070E-05
1528m NR. 5.2320E-05 | 5.7730E-05 5.2380E-05 5.2460E-05 4.9850E-05 5.2740E-05 5,0860E-05
"3Eu NR. 5.1650E-05 | 5.7600E-05 5.1980E-05 5.2090E-05 4.9590E-05 4.8960E-05 5,0640E-05
1%5Gd NR. 5.0980E-05 | 5.7090E-05 5.1580E-05 5.1550E-05 4.9010E-05 5.3710E-05 5.0190E-05
U NR. 4.9710E-05 | 5.6140E-05 5.0610E-05 5.0670E-05 4.8270E-05 4.9810E-05 4.9210E-05
26U N.R. 53750E-05 | 5.9000E-05 5.3250E-05 5.3090E-05 5.0810E-05 5.2980E-05 5.1590E-05
Z'Np NR. 5.2200E-05 | 5.7830E-05 5.2270E-05 5.2150E-05 4.9760E-05 5.3160E-05 5.0820E-05
Py NR. 51150E-05 | 5.6940E-05 5.1590E-05 5.1450E-05 4.8950E-05 4.9740E-05 5.0130E-05
#Pu NR. 4.9980E-05 | 5.4130E-05 4.9380E-05 4.9360E-05 4.6980E-05 5.0070E-05 4.7970E-05
2Py NR. 5.2640E-05 | 5.8690E-05 5,3020E-05 5.2990E-05 5,0590E-05 5.2210E-05 5.1570E-05
#1Pu N.R. 50460E-05 | 5.5720E-05 5.0350E-05 5.0360E-05 4.8050E-05 4.6290E-05 4.9050E-05
2Py NR. 5.2530E-05 | 5.8930E-05 5.3260E-05 5.3200E-05 5,0810E-05 5.6010E-05 5.1980E-05
all NR. 5.2310E-05 | 5.7830E-05 5.2310E-05 5.2270E-05 4.9820E-05 4.9250E-05 5.1040E-05
23Am NR. 5.3170E-05 | 5.8270E-05 5.2640E-05 5.2590E-05 5,0260E-05 5.2150E-05 5.1360E-05
"B NR. 5.2350E-05 | 5.7820E-05 5.2230E-05 5.2180E-05 4.9480E-05 5,0860E-05 5,0850E-05
ALL NR. NR. 3.3990E-05 3.7300E-05 3.7320E-05 3.6570E-05 3.9480E-05 3.6310E-05
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Table 60. Production rate on **U in s™ (sub-phase 4)

CEA | schlte1 | owvedl | SGALES SCALES i~ SOALES CEA
Case Apz%éoz KENO-Va 69G KENO-Va KENO-VI %’é\;':"%’ KENO-VI CTR'PO"'4
238G 238G 238G 238G ont. Energy

0 NR. 1.2970E-05 | 1.4040E-05 1.3040E-05 1.3040E-05 1.2680E-05 1.2840E-05 1.2870E-05
%Mo NR. 1.3030E-05 | 1.3960E-05 1.2930E-05 1.2950E-05 1.2540E-05 1.2980E-05 1.2730E-05
*Tc NR. 1.2890E-05 | 1.3990E-05 1.2960E-05 1.2960E-05 1.2580E-05 1.2750E-05 1.2760E-05
"Ru NR. 1.2890E-05 | 1.3960E-05 1.2920E-05 1.2940E-05 1.2520E-05 1.2540E-05 1.2740E-05
"%Rh NR. 1.2970E-05 | 1.3980E-05 1.2960E-05 1.2960E-05 1.2590E-05 1.3540E-05 1.2770E-05
1°Ag NR. 1.3100E-05 | 1.3980E-05 1.2980E-05 1.2990E-05 1.2620E-05 1.3300E-05 1.2800E-05
1%Cs NR. 1.2900E-05 | 1.4000E-05 1.2980E-05 1.2970E-05 1.2590E-05 1.3030E-05 1.2800E-05
"3Nd NR. 1.2990E-05 | 1.3940E-05 1.2920E-05 1.2930E-05 1.2540E-05 1.3330E-05 1.2750E-05
“Nd NR. 1.3000E-05 | 1.3950E-05 1.2940E-05 1.2950E-05 1.2540E-05 1.2960E-05 1.2740E-05
“8m NR. 1.2820E-05 | 1.3990E-05 1.3000E-05 1.2980E-05 1.2600E-05 1.2250E-05 1.2780E-05
198m NR. 1.3050E-05 | 1.3960E-05 1.2950E-05 1.2950E-05 1.2570E-05 1.3410E-05 1.2760E-05
150Sm NR. 1.2850E-05 | 1.3950E-05 1.2910E-05 1.2920E-05 1.2530E-05 1.2950E-05 1.2760E-05
151Sm NR. 1.3020E-05 | 1.3940E-05 1.2920E-05 1.2900E-05 1.2540E-05 1.2970E-05 1.2730E-05
1528m NR. 1.2900E-05 | 1.3990E-05 1.2990E-05 1.2990E-05 1.2620E-05 1.2930E-05 1.2780E-05
"3Eu NR. 1.3080E-05 | 1.3950E-05 1.2970E-05 1.2950E-05 1.2570E-05 1.3270E-05 1.2770E-05
1%5Gd NR. 1.2900E-05 | 1.3900E-05 1.2900E-05 1.2910E-05 1.2540E-05 1.3120E-05 1.2710E-05
U NR. 1.3770E-05 | 1.5470E-05 1.4360E-05 1.4370E-05 1.3980E-05 1.3850E-05 1.4160E-05
26U N.R. 1.3060E-05 | 1.3970E-05 1.3010E-05 1.3000E-05 1.2630E-05 1.3160E-05 1.2810E-05
Z'Np NR. 1.2980E-05 | 1.3900E-05 1.2990E-05 1.2960E-05 1.2590E-05 1.2750E-05 1.2770E-05
Py NR. 1.2820E-05 | 1.3980E-05 1.2970E-05 1.2970E-05 1.2590E-05 1.3090E-05 1.2790E-05
#Pu NR. 1.5470E-05 | 1.6420E-05 1.5440E-05 1.5450E-05 1.5150E-05 1.5750E-05 1.5220E-05
2Py NR. 1.2820E-05 | 1.3990E-05 1.3020E-05 1.3000E-05 1.2640E-05 1.2470E-05 1.2810E-05
#1Pu N.R. 1.4750E05 | 1.5890E-05 1.4750E-05 1.4750E-05 1.4420E-05 1.5160E-05 1.4520E-05
2Py NR. 1.3060E-05 | 1.4010E-05 1.3030E-05 1.3020E-05 1.2650E-05 1.3020E-05 1.2820E-05
all NR. 1.3040E-05 | 1.3920E-05 1.2980E-05 1.2980E-05 1.2590E-05 1.2700E-05 1.2790E-05
23Am NR. 1.2960E-05 | 1.4010E-05 1.3000E-05 1.3000E-05 1.2630E-05 1.2860E-05 1.2810E-05
"B NR. 1.2890E-05 | 1.3940E-05 1.2980E-05 1.2960E-05 1.2550E-05 1.3010E-05 1.2770E-05
ALL NR. NR. 1.5380E-05 1.4760E-05 1.4760E-05 1.3720E-05 1.5200E-05 1.4120E-05
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Table 61. Scattering rate on >**U in s™ (sub-phase 4)

CEA | schlte1 | owvedl | SGALES SCALES i~ SOALES CEA
Case Apz%éoz KENO-Va 69G KENO-Va KENO-VI %’é\;':"%’ KENO-VI CTR'PO"'4
238G 238G 238G 238G ont. Energy

0 NR. 4.9910E-04 | 4.7410E-04 4.9800E-04 4.9780E-04 | 4.2750E-04 4.9360E-04 4.8960E-04
%Mo NR. 4.9640E-04 | 4.6890E-04 4.9310E-04 4.9320E-04 | 4.2220E-04 4.8470E-04 4.8360E-04
*Tc NR. 4.9250E-04 | 4.6870E-04 4.9320E-04 4.9320E04 | 4.2210E-04 5,0160E-04 4.8370E-04
"Ru NR. 4.9260E-04 | 4.6870E-04 4.9300E-04 4.9280E-04 | 4.1980E-04 4.8520E-04 4.8300E-04
"%Rh NR. 4.9090E-04 | 4.6770E-04 4.9160E-04 4.9160E-04 | 4.2080E-04 4.9300E-04 4.8190E-04
1°Ag NR. 4.9430E-04 | 4.7010E-04 4.9350E-04 4.9370E04 | 4.2290E-04 4 .8770E-04 4.8410E-04
1%Cs NR. 4.9360E-04 | 4.6950E-04 4.9340E-04 4.9310E-04 | 4.2230E-04 4.9210E-04 4.8380E-04
"3Nd NR. 4.9150E-04 | 4.6570E-04 4.9010E-04 4.9040E-04 | 4.1920E-04 4.9070E-04 4.8090E-04
“Nd NR. 4.8900E-04 | 4.6640E-04 4.9070E-04 4.9070E-04 | 4.1950E-04 5,0070E-04 4.8090E-04
“8m NR. 4.9180E-04 | 4.6890E-04 4.9280E-04 4.9300E-04 | 42110E-04 4.8330E-04 4.8350E-04
198m NR. 4.9000E-04 | 4.6600E-04 4.9070E-04 4.9070E-04 | 4.1970E-04 4.9570E-04 4.8100E-04
150Sm NR. 4.9000E-04 | 4.6570E-04 4.9030E-04 4.9010E-04 | 4.1880E-04 4.8720E-04 4.8120E-04
151Sm NR. 4.9030E-04 | 4.6520E-04 4.8930E-04 4.8960E-04 | 4.1880E-04 4.9230E-04 4.7990E-04
1528m NR. 4.9250E-04 | 4.7050E-04 4.9350E-04 4.9340E-04 | 4.2300E-04 4.8900E-04 4.8400E-04
"3Eu NR. 49110E-04 | 4.6650E-04 4.9050E-04 4.9080E-04 | 4.1950E-04 4.8200E-04 4.8100E-04
1%5Gd NR. 4.8920E-04 | 4.6570E-04 4.8970E-04 4.8990E-04 | 4.1900E-04 4.9650E-04 4.8020E-04
U NR. 4.9680E-04 | 4.6850E-04 4.9710E-04 4.9720E-04 | 4.2390E-04 4.8950E-04 4.8770E-04
26U N.R. 4.9620E-04 | 4.7220E-04 4.9630E-04 4.9610E-04 | 4.2530E-04 4.9990E-04 4.8680E-04
Z'Np NR. 4.9130E-04 | 4.6570E-04 4.9120E-04 4.9110E-04 | 42010E-04 4.9420E-04 4.8210E-04
Py NR. 4.8810E-04 | 4.6470E-04 4.8960E-04 4.8940E-04 | 4.1850E-04 4.8120E-04 4.8020E-04
#Pu NR. 4.9730E-04 | 4.6170E-04 4.9500E-04 4.9520E-04 | 4.1990E-04 5.1010E-04 4.8590E-04
2Py NR. 4.9540E-04 | 4.6950E-04 4.9440E-04 4.9400E-04 | 4.2390E-04 4.8480E-04 4.8520E-04
#1Pu N.R. 4.9910E-04 | 4.6850E-04 4.9900E-04 4.9880E-04 | 4.2500E-04 4.8370E-04 4.8950E-04
2Py NR. 4.9770E-04 | 4.6990E-04 4.9590E-04 4.9590E-04 | 4.2530E-04 4.9790E-04 4.8640E-04
all NR. 4.9290E-04 | 4.6570E-04 4.9160E-04 4.9120E04 | 4.2040E-04 4.8460E-04 4.8220E-04
23Am NR. 4.9340E-04 | 4.6660E-04 4.9300E-04 4.9280E-04 | 4.2230E-04 5,0290E-04 4.8400E-04
"B NR. 4.9090E-04 | 4.6770E-04 4.9210E-04 4.9180E-04 | 4.2200E-04 4.8790E-04 4.8330E-04
ALL NR. NR. 3.7430E-04 4.3420E-04 4.3410E-04 | 3.5130E-04 4.3420E-04 4.2240E-04
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Table 62. Absorption rate on '°0 in s™ (sub-phase 4)

CEA | schlte1 | owvedl | SGALES SCALES i~ SOALES CEA

Case Apz%éoz KENO-Va 69G KENO-Va KENO-VI %’é\;':"%’ KENO-VI CTR'PO"'4
238G 238G 238G 238G ont. Energy

0 NR. 2.3570E-07 | 2.5880E-07 2.4020E-07 2.4070E-07 2.3780E-07 2.2890E-07 2.3800E-07
%Mo NR. 2.4060E-07 | 2.5780E-07 2.3810E-07 2.3900E-07 2.3500E-07 2.4530E-07 2.3460E-07
*Tc NR. 2.3780E-07 | 2.5760E-07 2.3890E-07 2.3940E-07 2.3570E-07 2.3460E-07 2.3550E-07
"Ru NR. 2.4090E-07 | 2.5800E-07 2.3810E-07 2.3920E-07 2.3430E-07 2.4140E-07 2.3590E-07
"%Rh NR. 2.3360E-07 | 2.5900E-07 2.3930E-07 2.3880E-07 2.3590E-07 2.6540E-07 2.3660E-07
1°Ag NR. 2.4100E-07 | 2.5820E-07 2.3910E-07 2.3970E-07 2.3650E-07 2.8080E-07 2.3680E-07
1%Cs NR. 2.3760E-07 | 2.5790E-07 2.3920E-07 2.3960E-07 2.3580E-07 2.3820E-07 2.3690E-07
"3Nd NR. 2.3900E-07 | 2.5770E-07 2.3860E-07 2.3850E-07 2.3490E-07 2.3610E-07 2.3520E-07
“Nd NR. 24120E-07 | 2.5710E-07 2.3850E-07 2.3860E-07 2.3490E-07 2.3320E-07 2.3440E-07
“8m NR. 2.3760E-07 | 2.5780E-07 2.4040E-07 2.3940E-07 2.3630E-07 2.1270E-07 2.3560E-07
198m NR. 2.3970E-07 | 2.5860E-07 2.3900E-07 2.3890E-07 2.3550E-07 2.5180E-07 2.3520E-07
150Sm NR. 2.3750E-07 | 2.5820E-07 2.3800E-07 2.3860E-07 2.3480E-07 2.6860E-07 2.3670E-07
151Sm NR. 2.4190E-07 | 2.5900E-07 2.3820E-07 2.3770E-07 2.3480E-07 2.3050E-07 2.3430E-07
1528m NR. 2.4020E-07 | 2.5860E-07 2.4040E-07 2.3950E-07 2.3660E-07 2.4020E-07 2.3660E-07
"3Eu NR. 2.3800E-07 | 2.5810E-07 2.3920E-07 2.3890E-07 2.3570E-07 2.4690E-07 2.3700E-07
1%5Gd NR. 2.3620E-07 | 2.5590E-07 2.3780E-07 2.3750E-07 2.3490E-07 2.6390E-07 2.3480E-07
U NR. 2.4010E-07 | 2.8510E-07 2.6470E-07 2.6540E-07 2.6190E-07 2.3500E-07 2.6090E-07
26U N.R. 2.4200E-07 | 2.5890E-07 2.4030E-07 2.4040E-07 2.3710E-07 2.4950E-07 2.3600E-07
Z'Np NR. 2.4200E-07 | 2.5760E-07 2.3970E-07 2.3930E-07 2.3600E-07 2.5050E-07 2.3540E-07
Py NR. 2.3130E-07 | 2.5940E-07 2.3870E-07 2.3980E-07 2.3580E-07 2.5400E-07 2.3740E-07
#Pu NR. 2.9050E-07 | 3.0290E-07 2.8950E-07 2.8940E-07 2.9230E-07 2.9380E-07 2.8520E-07
2Py NR. 2.3440E-07 | 2.5760E-07 2.4000E-07 2.3970E-07 2.3700E-07 2.4400E-07 2.3690E-07
#1Pu N.R. 2.7370E-07 | 2.9290E-07 2.7580E-07 2.7560E-07 2.7920E-07 2.7510E-07 2.7090E-07
2Py NR. 24170E-07 | 2.5820E-07 2.4080E-07 2.3960E-07 2.3740E-07 2.4440E-07 2.3650E-07
all NR. 2.4180E-07 | 2.5670E-07 2.3970E-07 2.3970E-07 2.3600E-07 2.3610E-07 2.3660E-07
23Am NR. 2.3770E-07 | 2.5920E-07 2.3950E-07 2.3960E-07 2.3680E-07 2.5440E-07 2.3680E-07
"B NR. 2.3690E-07 | 2.5740E-07 2.3980E-07 2.3890E-07 2.3530E-07 2.4090E-07 2.3450E-07
ALL NR. NR. 2.8360E-07 2.7420E-07 2.7490E-07 2.6420E-07 2.8990E-07 2.6360E-07
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Table 63. Scattering rate on '°0 in s™ (sub-phase 4)

CEA | schlte1 | owvedl | SGALES SCALES i~ SOALES CEA

Case Apz%éoz KENO-Va 69G KENO-Va KENO-VI %’é\;':"%’ KENO-VI CTR'PO"'4
238G 238G 238G 238G ont. Energy

0 NR. 3.5510E-04 | 3.8590E-04 3.5400E-04 3.5390E-04 3.2490E-04 3.4960E-04 3.4840E-04
%Mo NR. 3.5270E-04 | 3.8190E-04 3.5030E-04 3.5030E-04 3.2110E-04 3.4670E-04 3.4410E-04
*Tc NR. 3.4910E-04 | 3.8120E-04 3.4980E-04 3.4980E-04 3.2060E-04 3.5730E-04 3.4360E-04
"Ru NR. 3.5040E-04 | 3.8180E-04 3.5020E-04 3.5020E-04 3.1960E-04 3.4390E-04 3.4400E-04
"%Rh NR. 34770E-04 | 3.7990E-04 3.4860E-04 3.4870E-04 3.1940E-04 3.4950E-04 3.4250E-04
1°Ag NR. 3.5010E-04 | 3.8230E-04 3.5030E-04 3.5030E-04 3.2110E-04 3.4560E-04 3.4390E-04
1%Cs NR. 3.5040E-04 | 3.8190E-04 3.5010E-04 3.5000E-04 3.2070E-04 3.5260E-04 3.4390E-04
"3Nd NR. 34730E-04 | 3.7830E-04 3.4730E-04 3.4750E-04 3.1810E-04 3.4880E-04 3.4130E-04
“Nd NR. 3.4660E-04 | 3.7950E-04 3.4830E-04 3.4830E-04 3.1890E-04 3.5750E-04 3.4200E-04
“8m NR. 3.4880E-04 | 3.8160E-04 3.4970E-04 3.4980E-04 3.2030E-04 3.4750E-04 3.4360E-04
198m NR. 34770E-04 | 3.7850E-04 3.4780E-04 3.4790E-04 3.1850E-04 3.5080E-04 3.4170E-04
150Sm NR. 34750E-04 | 3.7860E-04 3.4760E-04 3.4750E-04 3.1790E-04 3.4580E-04 3.4160E-04
151Sm NR. 34750E-04 | 3.7780E-04 3.4670E-04 3.4700E-04 3.1760E-04 3.4740E-04 3.4070E-04
1528m NR. 3.4990E-04 | 3.8260E-04 3.5050E-04 3.5040E-04 3.2140E-04 3.4850E-04 3.4410E-04
"3Eu NR. 3.4830E-04 | 3.7930E-04 3.4790E-04 3.4810E-04 3.1860E-04 3.4240E-04 3.4160E-04
1%5Gd NR. 34720E-04 | 3.7800E-04 3.4700E-04 3.4720E-04 3.1780E-04 3.5360E-04 3.4080E-04
U NR. 3.5540E-04 | 3.8260E-04 3.5200E-04 3.5200E-04 3.2240E-04 3.4700E-04 3.4590E-04
26U N.R. 3.5220E-04 | 3.8430E-04 3.5240E-04 3.5230E-04 3.2330E-04 3.5470E-04 3.4640E-04
Z'Np NR. 3.4810E-04 | 3.7840E-04 3.4850E-04 3.4840E-04 3.1900E-04 3.5130E-04 3.4260E-04
Py NR. 3.4580E-04 | 3.7740E-04 3.4700E-04 3.4690E-04 3.1750E-04 3.4490E-04 3.4080E-04
#Pu NR. 3.5080E-04 | 3.7810E-04 3.4930E-04 3.4930E-04 3.1920E-04 3.5870E-04 3.4330E-04
2Py NR. 3.5220E-04 | 3.8170E-04 3.5110E-04 3.5070E-04 3.2200E-04 3.4480E-04 3.4510E-04
#1Pu N.R. 3.5260E-04 | 3.8320E-04 3.5310E-04 3.5310E-04 3.2320E-04 3.4280E-04 3.4690E-04
2Py NR. 3.5340E-04 | 3.8200E-04 3.5220E-04 3.5230E-04 3.2320E-04 3.5380E-04 3.4610E-04
all NR. 3.5000E-04 | 3.7850E-04 3.4870E-04 3.4840E-04 3.1910E-04 3.4680E-04 3.4230E-04
23Am NR. 3.5070E-04 | 3.7940E-04 3.5000E-04 3.4990E-04 3.2080E-04 3.5410E-04 3.4390E-04
"B NR. 3.4850E-04 | 3.8000E-04 3.4910E-04 3.4890E-04 3.1960E-04 3.4800E-04 3.4340E-04
ALL NR. NR. 3.0900E-04 3.0060E-04 3.0050E-04 2.6830E-04 3.0200E-04 2.9340E-04
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Figure 53. Relative difference in the BUC absorption rate for cases 1 to 14 of sub-phase 4
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Figure 54. Relative difference in the BUC absorption rate for cases 15 to 27 of sub-phase 4
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Figure 55. Relative difference in the BUC production rate for cases 16 to 27 of sub-phase 4

Relative difference compared with TRIPOLI4 reference values (%)
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Figure 56. Relative difference in the BUC scattering rate for cases 1 to 14 of sub-phase 4
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Figure 57. Relative difference in the BUC scattering rate for cases 15 to 27 of sub-phase 4
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Table 64. Absorption rate on the BUC nuclide in 5! (sub-phase 4)

CEA scaLEst | omve SCALEG SCALEG PS| SCALES CEA

Case | APOLLOZ | \eNo.va 69G KENO-Va KENO-VI CASMOS KENO-VI TRIPOLI4
281G 238G 238G 238G 586/19G 238G Cont. Energy

®Mo | 5.885E-04 | 22550E-05 | 2.1650E-05 | 22430E05 | 22400E05 | 22670E05 | 22340E05 | 2.2290E-05
WTc | 7218E-04 | 27730E05 | 27560E-05 | 27460E-05 | 27530E-05 | 26090E-05 | 3.0300E-05 | 2.7340E-05
"Ry | 7.332E-04 | 27730E-05 | 25050E-05 | 27480E-05 | 2.7380E-05 | 36490E05 | 28040E05 | 2.7600E-05
RN | 8.586E-04 | 32600E-05 | 32230E-05 | 32660E-05 | 32700E-05 | 30360E-05 | 34430E05 | 3.2450E-05
TAg | 6.04TE-04 | 23000E-05 | 20380E-05 | 22800E-05 | 22850E-05 | 21820E-05 | 23500E-05 | 2.2580E-05
WCs | 6.68BE-04 | 25740E-05 | 23930E-05 | 25490E-05 | 25430E-05 | 25020E-05 | 27100E-05 | 2.5210E-05
WNd | 9.346E-04 | 35820E-05 | 37920E-05 | 35790E-05 | 35820E-05 | 34590E-05 | 35810E05 | 3.5230E-05
WNd | 8.737E-04 | 32740E-05 | 32900E-05 | 32830E-05 | 32800E-05 | 33830E05 | 33130E05 | 3.2560E-05
WiSm | 7263E-04 | 27400E05 | 24160E05 | 27140E05 | 27150E05 | 27670E-05 | 26280E-05 | 2.7430E-05
uSm | 8.837E-04 | 33780E05 | 38310E05 | 33850E05 | 33810E05 | 3.2430E-05 | 35200E05 | 3.3210E-05
wSm | 9515604 | 3.6270E05 | 3.7850E05 | B3.6560E05 | 3.6620E05 | 3.7520E-05 | 3.7900E-05 | 3.6120E-05
wSm | 9.659E-04 | 3.7430E05 | 40190E05 | 37160E05 | 37210E05 | 35880E-05 | 3.8050E-05 | 3.6650E-05
w2Sm | 5468E-04 | 20920E05 | 17860E05 | 2092005 | 20930E-05 | 19900E-05 | 21120E-05 | 2.0500E-05
WEW | 9.719E-04 | 3.6900E-05 | 3.6290E-05 | 3.6950E-05 | 3.6890E-05 | 35710E-05 | 3.6930E-05 | 3.6640E-05
%Gd | 9.269E-04 | 35790E-05 | 4.0190E-05 | 35630E-05 | 35720E-05 | 34420E05 | 36590E05 | 3.5160E-05
20 | 2803603 | 1.1230E-04 | 12220E04 | 10B40E-04 | 1.0B40E-04 | 10440E-04 | 1.0B00E-04 | 1.0660E-04
0 | 3627E04 | 13640E05 | 14310E05 | 13480E05 | 13480E05 | 12780E-05 | 15530E-05 | 1.3770E-05
ZNp | 9270E-04 | 35450E05 | 40990E05 | B35220E05 | 35210E05 | 33930E-05 | 36290E05 | 3.5000E-05
2Py | 1074E-03 | 4.0820E-05 | 46860E-05 | 41260E-05 | 41260E-05 | 39840E-05 | 40B00E05 | 4.0760E-05
9Py | 3.786E-03 | 14560E-04 | 16120E-04 | 14650E-04 | 14630E-04 | 14090E-04 | 14720E04 | 14400E-04
2Py | 4814E-04 | 18380E-05 | 20440E-05 | 18260E-05 | 18210E-05 | 16750E05 | 18220E05 | 1.8000E-05
Py | 2491E-03 | 9.6220E-05 | 10780E-04 | 96040E-05 | 96120E-05 | 92760E-05 | 95530E05 | 9.4810E-05
2Py | 3368E-04 | 12970E-05 | 22720E-05 | 12870E-05 | 12870E-05 | 1.660E-05 | 13360E05 | 1.2780E-05
%Am | 8613E-04 | 3.3080E-05 | 37070E-05 | 3.2860E-05 | 3.2800E-05 | 3AT10E-05 | 3.3310E-05 | 3.2340E-05
%Am | 7.042E-04 | 26340E-05 | 33070E-05 | 26460E-05 | 26470E-05 | 25080E-05 | 24840E-05 | 2.6450E-05
B | 7421E-04 | 2.7300E05 | 3.4010E05 | 2.7310E05 | 2.7290E05 | 26290E-05 | 2.7350E05 | 2.6890E-05
ALL | 1.196E-02 NR. 48100E04 | 42350E04 | 42390E04 | 43100E-04 NR. 43760E-04
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Table 65. Production rate on the BUC nuclide in s™ (sub-phase 4)

CEA | schlte1 | owvedl | SGALES SCALES i~ SOALES CEA
Gase | ATDLZ | KeNOVa 69G KENO-Va KENO-VI FATIS KENO-VI CoRFOL
238G 238G 238G 238G ont. Energy
= NR. | 22710E04 | 24700E04 | 21910E04 | 21920E04 | 2.090E-04 |  2.1830E-04 2.1550E-04
z NR. | 29160E-06 | 36760E06 | 2.8040E06 | 28930E06 | 2.7940E-06 |  2.9520E-06 2.8680E-06
ZTNp NR. | 13420E-06 | 14350E06 | 1.3440E06 | 13420E06 | 1.29080E-06 |  1.3200E-06 1.3230E-06
zepy NR. | 6.1100E-06 | 6.8380E06 | 6.1590E06 | 6.1600E06 | 59750E-06 |  6.0780E-06 6.0330E-06
Z5py NR. | 28200E04 | 3.1230E04 | 28340E04 | 28310E04 | 2.7200E04 |  2.8450E-04 2.7870E-04
20py NR. | 25500E-07 | 27520E07 | 25730E07 | 25690E07 | 24830E-07 |  24710E-07 25200E-07
1Py NR. | 20930E-04 | 23470E04 | 20890E04 | 20910E04 | 20170E-04 |  2.0740E-04 2.0610E-04
22y NR. | 16550E-06 | 1.7730E06 | 1.6470E06 | 16470E06 | 15990E-06 |  1.6650E-06 16220E-06
#Am | NR. | 96230E07 | 1.0570E06 | 95700EQ7 | O5560E07 | 9.2260E07 |  9.5280E-07 9.4160E-07
wAm | NR. | 10480E06 | 1.1450E06 | 10500E06 | 10S00E06 | 1.0170E06 |  1.0320E-06 1.0350E-06
ALL NR. NR. 25380E-04 | 25110E04 | 25120E04 | 24600E-04 NR. 2.6060E-04
Table 66. Scattering rate on the BUC nuclide in s™ (sub-phase 4)
EMS ORNL ORNL VUJE
cre | sooilon | SNSRI | G| seeer | solERt | cuuos | S| el
238G 238G 238G 238G ont. Energy
Mo NR. | 6.7640E-05 | 58240E05 | 6.7180E05 | 6.7150E05 | 68570E-05 |  6.6250E-05 6.6600E-05
e NR. | 30320E05 | 29300E05 | B3.0370E05 | B3.0370E05 | 25090E-05 |  3.1070E-05 2.9980E-05
Ry NR. | 80520E05 | 7.3300E05 | B.OS80E05 | B.O0560E05 | 6.7220E05 |  7.8780E-05 7 9950E-05
109Rh NR. | 55960E-06 | 50350E06 | 5.6010E06 | 56010E06 | 41320E-06 |  56240E-06 55230E-06
09Ag NR. | 63390E-06 | 57330E06 | 6.980E06 | 6.3020E06 | 50770E-06 |  6.3330E-06 2.3670E-07
5Cs NR. | 19780E-05 | 18190E05 | 1.0770E05 | 1.9750E05 | 15940E-05 |  1.9880E-05 1.9680E-05
N NR. | 28280E05 | 3.1340E05 | 28430E05 | 28420E05 | 28740E05 |  2.7960E-05 2.8250E-05
N NR. | 58B10E05 | 59260E05 | 5.8090E05 | 58920E05 | 74970E05 |  6.0960E-05 5.8330E-05
wSm | NR. | 2740005 | 29300E05 | 27330E05 | 27300E05 | 35110E-05 |  2.6480E-05 2.7460E-05
wSm | NR. | 34060E-07 | 34350E07 | 3.1000E07 | B3.060E07 | 29110E-07 |  3.2430E-07 3.0490E-07
®Sm | NR. | 41160E05 | 49970E05 | 4.1260E05 | 4.1260E05 | 45430E05 |  4.1950E-05 4.1830E-05
®Sm | NR. | 51350E07 | 53580E07 | 5.1270E07 | 5130007 | 46290E07 |  52380E-07 5.0490E-07
®Sm | NR. | 22280E05 | 19440E05 | 22330E05 | 22370E05 | 2.800E05 |  2.2430E-05 2.1830E-05
EQ NR. | 53830E-06 | 52430E06 | 53710E06 | 53720E06 | 46910E-06 |  52980E-06 5.0340E-06
G NR. | 10480E-07 | 10840E07 | 1.0460E07 | 1.0480E07 | O4760E-08 |  1.0690E-07 1.0300E-07
= NR. | 14300E05 | 13870E05 | 14210E05 | 14210E05 | 12200E05 |  1.4060E-05 1.4000E-05
z NR. | 53520E05 | 59790E05 | 53500E05 | 53480E05 | 52910E05 |  54080E-05 5.3380E-05
ZTNp NR. | O5560E-06 | 94570E06 | O.5600E06 | 9.5580E-06 | 8.2860E-06 |  9.6040E-06 9.4150E-06
z8py NR. | 87890E-06 | 9.0930E06 | B8.8050E06 | B8.8020E06 | 7.660E-06 |  8.5890E-06 8.8710E-06
z5py NR. | 92530E-06 | B4790E06 | O9.2190E06 | 9.2220E06 | 7.7080E-06 |  9.5500E-06 9.0960E-06
20py NR. | 24690E-06 | 23900E06 | 24600E06 | 24580E06 | 2.1930E-06 |  2.4030E-06 2.4290E-06
2Py NR. | 50580E-06 | 4.7850E06 | 5.0530E06 | 50530E06 | 42280E-06 |  4.9100E-06 4.9800E-06
22y NR. | 14720E05 | 16770E05 | 1.4600E05 | 14610E05 | 14020E-05 |  14610E-05 1.4580E-05
wAm | NR. | 23780E06 | 22860E06 | 23690E06 | 23670E-06 | 19520E06 |  2.3450E-06 2.3300E-06
wAm | NR. | 72410E06 | 7.0580E06 | 7.2500E06 | 7.480E-06 | 5.6040E06 |  7.4010E-06 71510E-06
0B NR. | 13150E07 | 13100E07 | 13190E07 | 13180E07 | 14570E07 |  1.3200E-07 1.23073E-07
ALL NR. NR. 43770E04 | 43510E04 | 43510E04 | 39900E-04 NR. 4.3010E-04
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3.4.4 Reactivity worth
3.4.4.1 Eigen-value difference method

Reactivity worth calculated by the eigen value difference method is presented in Figures 58
and 59, with the calculated values reported in Table 67.

It should be noted that due to the small reactivity effect of each case (typically less than 10
pcm), the “reference” TRIPOLI4 calculation is limited by a convergence of 2 pcm on the
reactivity worth, which means that most of the difference plotted in Figures 43 and 44 are
affected by an uncertainty of at least 20%. This is why we have added a blue line which
represents the 1o uncertainty on the reference calculation.

Considering the differences between each participant, it is difficult to draw any conclusion
on the different code systems: most of calculations show differences with TRIPOLI4 within 2c
uncertainty. It should be mentioned that the uncertainty on each Monte-Carlo solution
(SCALE6 and GMVP-II) should also be included when considering the differences with
TRIPOLI: for instance, large differences observed between VUJE calculations and TRIPOLI4
are due to convergence limitations (uncertainty of £40 pcm on reactivity worth of less than 10
pcm). Nevertheless, we should remark that deterministic solutions provided by CEA and PSI
are in good agreement, with differences of a few percent on most of the nuclides. Considering
that these deterministic calculations have shown a great consistency with TRIPOLI4
calculation in sub-phase 2 and 3, we should consider these calculations as the reference
solution in this sub-phase, as the deterministic solution is less limited by the convergence of
each eigen value: the remaining error on the numerical convergence is typically 0.1 pcm in an
APOLLO2/MOC calculation, while it is more than 1 pcm in a TRIPOLI4 Monte-Carlo
calculation.

Figure 58. Relative difference in the reactivity worth by the eigen-value difference method for
cases 1 to 15 of sub-phase 4 (y-axis scaled from -80% to 80% difference, the blue line is the 1o
uncertainty on TRIPOLI4 calculations)
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Figure 59. Relative difference in the reactivity worth by the eigen-value difference method for
cases 16 to 29 of sub-phase 4 (y-axis scaled from -300% to 300% difference, the blue line is the
1o uncertainty on TRIPOLI4 calculations)
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Table 67. Reactivity worth by the eigen-value difference method in pcm (sub-phase 4)

CEA | scaleet | owvPd | SOALEGt | SoALEG Pl SOALES CEA
Case Apz%éoz KENO-Va 69G KENO-Va KENO-VI %’ggm% KENO-VI CZQ'PE?;':’
238G 238G 238G 238G - ENergy

Mo 52 39(60) | A76013) | 41(10) 57(08) 55 47.0(39.7) 45(19)
e 64 214(60) | 275(13) | -66(10) 55(0.8) 63 55.0(42.2) 39(19)
Ry 63 244(50) | 167(13) | -76(10) 50(08) 83 46.0(35.6) 1(19)
05Rh 81 160(5.0) | 75(13) 94(10) 74(08) 79 114.0(38.9) 24(19)
t9Ag 55 A18(0) | 227013 | -38(10) 36(08) 55 3.0(38.1) $7(19)
15Cs 59 459(0) | 245(13) | -47(08) 48(08) 6 67.0(406) 63(19)
1N 87 6960) | -159(13) | -6.9008) 20(08) 810(33.1) 97(19)
N 8 146(50) | 305013 | -93(08) 74(08) 84 330(38.1) 99(19)
wSm 66 096.0) | 222013 | 43(10) 58(0.8) 67 46.0(39.7) 42(19)
oS 83 88(5.0) 128(13) | 74(10) 84(09) 85 820(34.9) 97(19)
S 86 122(0) | 229013 | 77(10) 74(08) 95 2.0(35.6) 90(19)
w1Sm 9 432(0) | 113(13) | -96(10) 83(08) 93 36.0(33.1) 11(1.9)
w2Sm 48 25(0) | 481(13) | -38(10) 46(08) 49 87.0(34.7) 52(19)
SE 89 A7260) | 424013 | 57(10) 7708) 9 96.0(38.1) 112(1.9)
5Gd 87 235(.0) | -102(13) | -66(10) 93(08) 9 34.0(40.6) 10.7(1.9)
2 55 252(5.0) 38(13) 59(10) 6.8(0.8) 6 69.0(38.1) 32(19)
2y 27 236(5.0) 87(13) 05(10) 02(08) 25 59.0(34.8) 17019)
ZNp 83 17960) | 116013 | 72(10) 7008) 84 27.0(406) 103(1.9)
zepy 91 182(50) | -106(13) | -94(10) 79(08) 93 35.0(38.9) 12.2(1.9)
2Py 78 45(50) 50(13) 95(1.0) 93(0.8) 84 86.0(34.7) 80(19)
20py 46 43(50) 85(13) 49(10) 41(08) 43 84.0(38.9) 43(19)
w1y 88 29(5.0) 65(13) 10.0(1.0) 10.8(0.8) 93 29.0(39.7) 126(1.9)
22py 28 60(5.0) 34(13) 14(10) 25(08) 27 440(372) 11019)
21Am 79 433(.0) | -143(13) | -82(10) 55(0.8) 81 930(33.9) 74(19)
2Am 63 436(.0) | 112013 | -35(08) 50(08) 6.2 710(38.9) 42(19)
0B 66 64(50) 46(13) 33(10) 69(08) 68 700(33.9) 49(19)
ALL 658 874(58) | -2057(13) | -584(1.0) 604(0.8) 667 -18.0(35.6) 67.6(19)
Air 43 47(50) 206(13) 6.8(10) 82(0.8) 5.1 125.0(43.0) 1028)
LW 91 98(5.0) 276(13) | 122(10) 13.6(0.8) 114 49.0(38.1) 82(28)

3.4.4.2 Perturbation method

Comparisons of reactivity worth calculation based on perturbation are illustrated in Figures 60
and 61 while the calculated values are reported in Table 68. Comparisons are still performed
relatively to TRIPOLI4 calculations based on the eigen value difference method. As explained
in the previous section, we have plotted a blue line on these figures to represent the 1o
uncertainty on the reference eigen value difference obtained from TRIPOLI4.

Due to the large uncertainty on the reference values, no conclusion can be made on the
relative advantage or drawback of each method. Nevertheless, it should be noted that the
APOLLO?2 calculations are in good agreement with most of SCALE6 calculations, with
differences of a few percent . GMVP-II calculations have quite the same trends, but with larger
differences, maybe due to convergence limitations.
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Figure 60. Relative difference in the reactivity worth by the perturbation method for cases 1 to
15 of sub-phase 4 (y-axis scaled from -80% to 80% difference, the blue line is the 1 uncertainty
on TRIPOLI4 calculations)
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Figure 61. Relative difference in the reactivity worth by the perturbation method for cases 16 to
29 of sub-phase 4 (y-axis scaled from -300% to 300% difference, the blue line is the 1o
uncertainty on TRIPOLI4 calculations)
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Table 68. Reactivity worth by the perturbation method in pcm (sub-phase 4)

CEA | et | owvPd | SOAESt | SOAEGS Pl SCALE® CEA
Case AF;%%'(';OZ KENO-Va 69G KENO-Va KENO-VI %’gg/ﬁ"% KENO-VI CZQ'PE?;':’
238G 238G 238G 238G - ENergy

Mo 53 5 46 NR. NR. NR. NR. 48(02)
T 64 57 57 NR. NR. NR. NR. 6(02)
Ry 64 59 5 NR. NR. NR. NR. 5902
05Rh 81 74 73 NR. NR. NR. NR. 85(03)
9Ag 56 47 43 NR. NR. NR. NR. 5102
15Cs 5 55 5 NR. NR. NR. NR. 58(02)
14N 88 9 85 NR. NR. NR. NR. 88(03)
145N 81 79 74 NR. NR. NR. NR. 7602
wSm 66 57 51 NR. NR. NR. NR. 6102
usSm 83 84 87 NR. NR. NR. NR. 87(03)
5Sm 87 9 84 NR. NR. NR. NR. 9(03)
51Sm 9 86 9 NR. NR. NR. NR. 92(03)
52Sm 49 43 39 NR. NR. NR. NR. 3701)
EQ 89 89 78 NR. NR. NR. NR. 87(03)
5Gd 87 83 91 NR. NR. NR. NR. 92(03)
25 55 53 62 NR. NR. NR. NR. 63(02)
20 28 24 24 NR. NR. NR. NR. 21(01)
2Np 83 79 89 NR. NR. NR. NR. 9(03)
zepy 91 86 95 NR. NR. NR. NR. 91(03)
2Py 77 62 86 NR. NR. NR. NR. 89(0.3)
20py 46 34 46 NR. NR. NR. NR. 42(01)
21y 88 83 96 NR. NR. NR. NR. 97(03)
22py 29 2 49 NR. NR. NR. NR. 2204)
#Am 79 ) 82 NR. NR. NR. NR. 8202
2Am 64 53 72 NR. NR. NR. NR. 5902)
08 66 6.9 7 NR. NR. NR. NR. 7102
ALL 671 296 644 NR. NR. NR. NR. 35.8(0.2)

AT 5 15 74 NR. NR. NR. NR. 126(1)
w 91 91 1 NR. NR. NR. NR. 107(4)

3.4.4.3 Individual components

Not enough results were provided to allow a comparison between participants.
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4. Recommendations for the calculation of small-sample reactivity experiments

One of the goals of this benchmark was to demonstrate that treating the whole core model is
not necessary for an accurate analysis of small sample reactivity experiments. Most of the time,
these experiments are calibrated against reference samples containing nuclides with well-
known neutronic properties (reference cross-sections). As a consequence, we can show that a
simplified 2D model can be considered to treat the measured data without involving significant
calculation bias.

To do so, we have chosen to renormalise all the reactivity worth data of sub-phase 2 and
sub-phase 4 with respect to the reactivity worth of boron. In order to evaluate the calculation
bias due to the simplified 2D 7x7 lattice model without leakage used in sub-phase 2, compared
to the full 3D core model including axial and radial leakage in sub-phase 4, we have evaluated
the following € factor:

dp;

5p310]sub—phase VIIIL.2
& = (Sp = -1

dp; ]
8Pp10 sub—phase VIII.4

(M

Calculations of € have been made with the eigen value difference method and with the
perturbation method. Results are presented in Table 69.

This table shows consistent results, both between calculation codes for the eigen value
difference method, and between the 2 methods for APOLLO2 calculations. Most of the errors
for thermal absorbers are very small, typically less than 1%. Slightly higher errors are
observed for resonant absorbers like '”'Ru and '*'Sm, resulting from spectral shift between the
infinite lattice model, where the fast component is much higher, and the critical configuration.
There are also higher errors for fissile isotopes **°U, *°Pu and **'Pu. This is due to the higher
reactivity worth of the central cell in the 7x7 lattice compared to the full 3D core model.
Indeed, the modification denominator term in the reactivity worth of the perturbation
formulation is overestimated by the fact that the integral of production is calculated over a
reduced lattice whereas it should be done on the whole core calculation. To avoid this error,
we should calculate only the nominator term of the perturbation formulation as the actual
modification of the denominator is negligible in experiments where the sample reactivity
worth remains below a few tens of pcm.

As a consequence, the recommended calculation route for the analysis of small sample
reactivity worth experiments is a reduced 2D model of the core configuration. A 7x7 lattice
seems to be large enough in the current benchmark, which is close to the core configuration
loaded in most of MINERVE experiments. For small reactivity worths (typically 10 pcm or
lower), exact perturbation calculations are preferred to eigen value difference method
calculations because the first one is not limited by convergence concerns for low reactivity
worths to be evaluated. The only remaining question concerns the treatment of fissile nuclides.
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For the latter, the use of reduced lattice should be questionable as the increase of the fast
neutron component linked to additional fissions in the lattice involves perturbations through
longer distances which necessitate increasing the model size of the core configuration.
Moreover, it should be necessary to calculate only the nominator term of the perturbation
formulation to avoid an overestimation of the fission term modification linked to the perturbed
cell. One recommendation would be to prefer the calibration of reactivity worth by absorbing
nuclides like '°B, instead of fissile nuclides like **°U, in order to keep a simple model for the
analysis of reactivity experiments. However, this difficulty could be overcome with a larger
model, typically 19x19, involving a negligible variation of the fission integral in the case of
fissile nuclides.

Table 69. Evaluation of calculation bias on the reactivity worth ratio due to the use of an
infinite 2D model, compared to the 3D full core model

Diﬁiﬁ?}@/ﬂgtﬁm d Perturbation Method

Case PSI CEA PSI CEA

CASMO5 APOLLO2 CASMO5 APOLLO2

586/19G 281G 586/19G 281G
%Mo 1.9% 2.0% 0.4% 1.5%
9Tc 0.0% 1.6% -0.7% 0.4%
101Ry 4.8% 2.4% 3.1% 2.7%
183Rh -0.9% -0.5% -0.9% 0.0%
109Ag -12% -0.2% -1.4% 0.1%
133Cs -0.3% -0.3% -0.8% 0.2%
143Nd 0.1% -0.5% -0.3% 0.1%
145Nd 1.0% 0.7% 0.3% 0.8%
4Sm 4.4% 0.0% 4.0% 0.4%
149Sm -0.4% -0.5% -0.4% 0.1%
150Sm 0.2% 0.5% -0.1% 0.5%
151Sm 0.7% -0.3% -0.7% -0.2%
152Sm -0.5% -0.6% -0.8% 0.1%
183Ey -0.4% -0.5% -0.5% 0.3%
155Gd 0.7% 0.0% -0.7% -0.9%
25 -5.9% 9.2% -5.5% -10.0%
26 2.8% 6.8% 0.5% 3.3%
27Np -0.2% 0.7% -0.4% 0.2%
8Py 0.1% 1.0% 0.0% 0.2%
9Py -1.7% -10.9% -71.2% -12.3%
240Py -2.0% 0.0% -2.0% 1.7%
41Py 6.7% -8.8% -6.3% -8.3%
2Py 0.3% 2.6% -0.3% -1.4%
241Am -0.4% 0.4% -0.5% 0.5%
A3Am 0.7% -0.3% -0.9% 0.2%
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5. Conclusions

Several calculation methods and codes have been compared through the EGBUC Benchmark,
dedicated to the analysis of small-sample reactivity experiments.

Considering the calculation of the k. flux and reaction rates, comparisons between
different codes were relevant to identify calculation bias due to the different approximations
used in the deterministic approach. The treatment of the self-shielding effect due to the
addition of BUC nuclide in a UO, fuel has been identified as the key-point of these
comparisons. It was shown that the use of more than two hundred energy groups, like in the
SCALE6, CASMOS5 and APOLLO?2 calculations is required to evaluate the reaction rate of
BUC nuclides within a few percent. To reach this agreement is more problematic for resonant
absorbers like **’Pu or '"’'Ru which require more energy groups or an appropriate model to
account for the flux depression inside large resonances.

For the calculation of a small reactivity worth (typically 10 pcm or less) due to a BUC
nuclide, it was concluded that the exact perturbation calculations should be preferred to
standard eigen-value difference methods, as it is not limited by convergence concerns.
Comparisons between a full 3D core model and an infinite, 2D 7x7 lattice have shown that
considering ratio of reactivity worth, only small errors (typically less than 1%) are introduced
by the simplified geometry model. This is especially true for neutron absorbers like fission
products. This conclusion should not be generalised to all nuclides, especially for fissile
actinide nuclides where the modification of the production rate integrated over the whole
geometry is overestimated in the reduced geometry compared to the full core geometry. One
solution should be to consider only the numerator term of the perturbation formulation to avoid
the evaluation of the denominator modifications which is generally small (less than 0.1%) for
reactivity-worth of less than 100 pcm on the full core geometry.
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Appendix A: Benchmark specifications

1. Geometry data

1.1 Benchmark Sub-phase I — single cell calculation

Sub-phase I of the benchmark concerns the analysis of a single fuel cell from a standard
17x17 PWR assembly with an infinite axial dimension. The main geometrical characteristics

are described below (see Figure 62):

PWR cell
Fuel material

Fuel enrichment in *°U
Lattice square pitch

Fuel radius

Cladding material

Cladding inner radius
Cladding outer radius
Fuel/clad inter-space material
Moderator material

Material Temperature

Radial boundary conditions

Uo,

3% w/o
1.26 cm
0.41 cm
Zircaloy-4
0.418 cm
0.475 cm
Air

Light water
300 K

Reflective

1.2 Benchmark Sub-phase II — 7x7 pattern calculation (axially infinite)

Sub-phase II of the benchmark concerns the analysis of a natural UO, fuel cell with an infinite
axial dimension, centered in a 7x7 lattice of PWR UO, fuel cells (same as sub-phase I).
Reflexive conditions are imposed at boundaries. The main geometrical characteristics are

described below (see Figure 63):

Central cell
Fuel material

Fuel enrichment

Lattice square pitch

UO,
0.7% w/o
1.26 cm
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Fuel radius

Cladding material

Cladding inner radius
Cladding outer radius
Fuel/clad inter-space material
Moderator material

Material Temperature
Surrounding cells

Lattice
Number of cells

Radial boundary conditions

0.41 cm

Zircaloy-4

0.418 cm

0.475 cm

Air

Water

300 K

PWR cell (same as Sub-phase I)

7x7

Reflective

1.3 Benchmark Sub-phase III — 7x7 pattern calculation (axially finite)

Sub-phase III of the benchmark concerns the analysis of a natural UO, fuel sample centered
between aluminum cylinders, in a 7x7 lattice of PWR UO, fuel cells (same as sub-phase I).
Leakage conditions are imposed on the lower and upper plans of the 7x7 pattern. The main
geometrical characteristics are described below (see Figure 64):

Central cell
Fuel and clad length
Spacer material
Spacer radius
Spacer length
Surrounding cells
Fuel length
Cladding length

Lattice
Axial boundary conditions

Same as Sub-phase II except:
10 cm
AG-3
0.475
27 cm
Same as Sub-phase II except:
64 cm
64 cm

Same as Sub-phase II except:
Leakage (null flux)

1.4 Benchmark Sub-phase IV — 49x49 pattern calculation (axially finite)

Sub-phase IV of the benchmark concerns the analysis of a natural UO, fuel sample centred
between aluminum cylinders, surrounded by a core built with a 49x49 lattice of PWR UO, fuel
cells (same as Sub-phase I) with leakage conditions on each boundary (null flux). The main
geometrical characteristics are described below (see Figure 65):

Central cell

Surrounding cells

Same as Sub-phase III

Same as Sub-phase III
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Lattice
Number of cells

Radial boundary conditions

Axial boundary conditions

Same as Sub-phase III except:
49x49

Leakage (null flux)
Leakage (null flux)

2. Material data

2.1 Benchmark Sub-phase I — single cell calculation

Concentrations associated to the PWR fuel cell materials are given below (temperature =

300K):
PWR cell

Fuel
(U0, —3%)
U-235 6.900E-04

Fuel-clad space
(Air)

Clad
(Zircaloy-4)

Moderator

(Light Water)

Atomic density (atoms/barn.cm)

U-234 6.160E-06

U-238 2.200E-02
0-16  4.540E-02

Atomic density (atoms/barn.cm)
N-14  4.000E-05
0O-16  1.000E-05

Atomic density (atoms/barn.cm)
Zr 4.247E-02
Fe 1.486E-04
Cr 7.598E-05

Atomic density (atoms/barn.cm)
H-1  6.664E-02
O-16 3.332E-02

Concentrations of each BUC nuclide to be added to the fuel correspond to a burn-up of 40
GWd/t, for a cooling time of one year (temperature = 300K) :
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Poisons to be added to the fuel Atomic density (atoms/barn.cm)
Case 1.0 Reference case (UO,-3%) without BUC nuclide
Case 1.1 Mo-95 5.300E-05
Case 1.2 Tc-99 5.200E-05
Case 1.3 Ru-101 5.100E-05
Case 1.4 Rh-103 3.000E-05
Case .5 Ag-109 4.000E-06
Case 1.6 Cs-133 5.600E-05
Case 1.7 Nd-143 3.700E-05
Case .8 Nd-145 3.100E-05
Case 1.9 Sm-1474.900E-06
Case 1.10 Sm-1491.780E-07
CaseL.11 Sm-1501.400E-05
Case .12 Sm-1516.700E-07
Case I.13 Sm-1525.400E-06
Case .14 Eu-153 4.800E-06
Case I.15 Gd-155 1.000E-07
Case 1.16 U-235 1.800E-04 (replace *’U density of UO,)
Case .17 U-236 1.000E-04
Case I.18 Np-237 1.500E-05
Case .19 Pu-238 5.600E-06
Case .20 Pu-239 1.400E-04
Case .21 Pu-240 5.500E-05
Case .22 Pu-241 3.600E-05
Case 1.23 Pu-242 1.400E-05
Case 1.24 Am-241 2.800E-06
Case .25 Am-243 3.400E-06
Case 1.26 B-10  2.700E-06 (calibration nuclide)
Case 1.27 Sum of all the 25 BUC nuclides (cases 1 to 25)

2.2 Benchmark Sub-phase II — 7x7 pattern cell calculation (axially infinite)
Concentrations associated to the PWR fuel cells of the 7x7 lattice are identical to the ones of
Sub-phase I. Concentrations of the central cell materials are given below (temperature = 300K):

PWR cells Same as Sub-phase |
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Central UO, cell
Fuel

(UO, — 0.7%)
25U 1.764E-04

Fuel-clad space

Clad

Moderator

Atomic density (atoms/barn.cm)
U 1.575E-06

28U 2.375E-02
0-16 4.785E-02

Same as PWR cells

Same as PWR cells

Same as PWR cells

Concentrations of the BUC nuclides to be added to the central UO, fuel are typical values
encountered in small sample reactivity experiments, to provide reactivity effects of a few tens
of pcm on the whole core (temperature = 300K). Concerning the main FP absorbers, they are
about 10 times higher than FP concentrations in LWR spent fuels:

Poisons to be added to the central fuel
Case I1.0

Case II.1
Case 11.2
Case 11.3
Case 114
Case IL.5
Case I1.6
Case I1.7
Case IL.8
Case I1.9
Case I1.10
Case II.11
Case 11.12
Case I1.13
Case I1.14
Case II.15
Case II.16

Atomic density (atoms/barn.cm)
Reference case (UO,-0.7%) without BUC nuclide

Mo-95 4.300E-03
Tc-99 2.100E-03
Ru-101 6.000E-03
Rh-103 4.300E-04
Ag-109 4.400E-04
Cs-133 1.600E-03
Nd-143 4.400E-04
Nd-145 1.800E-03
Sm-1477.400E-04
Sm-1491.900E-06
Sm-1501.300E-03
Sm-1511.300E-05
Sm-1522.100E-04
Eu-153 2.700E-04
Gd-155 3.600E-06
U-235 6.900E-04 (replace U-235 density of UO,)
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Case 11.17
Case I1.18
Case I1.19
Case 11.20
Case I1.21
Case 11.22
Case 11.23
Case 11.24
Case 11.25
Case I1.26
Case 11.27

U-236 2.400E-03
Np-237 4.400E-04
Pu-238 3.300E-04
Pu-239 4.900E-04
Pu-240 7.400E-05
Pu-241 2.600E-04
Pu-242 6.300E-04

Am-241 1.200E-04
Am-243 3.500E-04
B-10  2.700E-05 (calibration nuclide)

Sum of all the 25 BUC nuclides (cases 1 to 25)

In addition to BUC nuclides, air and light water are substituted to the central UO2 fuel to
test the ability to predict the ‘absolute’ reactivity effect of UO, and to take into account

scattering effects in the reactivity worth.

Materials to be substituted to the central fuel
Case 11.28 Air N-14

Case 11.29 Light Water  H-1

Atomic density (atoms/barn.cm)
4.000E-05

0-16  1.000E-05
6.662E-02
0O-16 3.331E-02

2.3 Benchmark Sub-phase IIT — 7x7 pattern cell calculation (axially finite)

Concentrations associated to the PWR fuel cells of the 7x7 lattice are identical to the ones of
Sub-phase 1. Concentrations of the central cell materials are given below (temperature = 300K):

PWR cells

Central UO, cell
Fuel

(U0, — 0.7%)

Spacer
(AG-3)

Fuel-clad space

Same as Sub-phase I

Same as Sub-phase 11

Atomic density (atoms/barn.cm)
Al 5.457E-02
Mg 1.959E-03

Same as PWR cells
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Clad Same as PWR cells
Moderator Same as PWR cells

Concentrations of the BUC nuclides to be added to the central UO, fuel are typical values
encountered in small sample reactivity experiments, to provide reactivity effects of a few tens
of pcm on the whole core (temperature = 300K):

Poisons to be added to the central fuel
Case II1.1 to I11.27 Same as Sub-phase 11

In addition to BUC nuclides, air and light water are substituted to the central UO2 fuel to
test the ability to predict the ‘absolute’ reactivity effect of UO, and to take into account
scattering effects in the reactivity worth.

Materials to be substituted to the central fuel
Case I11.28 to 111.29 Same as Sub-phase 11

2.4 Benchmark Sub-phase IV — 49x49 pattern cell calculation

Concentrations associated to the PWR fuel cells of the 49x49 lattice are identical to the ones of
Sub-phase 1. Concentrations of the central cell materials are given below (temperature = 300K):

PWR cells Same as Sub-phase |
Central UO, cell
Fuel Same as Sub-phase 11

(UO, - 0.7%)

Spacer Atomic density (atoms/barn.cm)
(AG-3) Al 5.457E-02
Mg 1.959E-03

Fuel-clad space Same as PWR cells
Clad Same as PWR cells
Moderator Same as PWR cells
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Concentrations of the BUC nuclides to be added to the central UO, fuel are typical values
encountered in small sample reactivity experiments, to provide reactivity effects of a few tens
of pcm on the whole core (temperature = 300K):

Poisons to be added to the central fuel
Case II1.1 to I11.27 Same as Sub-phase 11

In addition to BUC nuclides, air and light water are substituted to the central UO2 fuel to
test the ability to predict the ‘absolute’ reactivity effect of UO, and to take into account
scattering effects in the reactivity worth.

Materials to be substituted to the central fuel
Case 111.28 to 111.29 Same as Sub-phase 11

Concentrations associated to the PWR fuel cells of the 7x7 lattice are identical to the ones
of Sub-phase I. Concentrations of the central cell materials are given below (temperature =
300K):

3. Nuclear data file

As the main objective of this benchmark is to compare numerical methods and models from
different codes to emphasize specific problems associated with the analysis of reactivity-worth
measurements, calculations should be performed with the same nuclear data library. It is
recommended to use the ENDF-VILO library for this benchmark. Otherwise, JEFF-3.1.1
should be preferred to other libraries. Any change in the library should be explained in the
result file.

4. Case numbers

Each sub-phase of the benchmark can be treated independently from the others. Case numbers
are defined as follows:
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4.1 Benchmark sub-phase I — single cell calculation

e Case 1.0 represents the nominal case without any BUC nuclide into the fuel.

e Cases I.1 to 1.25 describe the addition of each BUC nuclide into the fuel following the
concentrations given in §3.1.

e Case .26 describes the addition of B-10 into the fuel as a calibration isotope for small-
sample reactivity experiments with the concentration given in §3.1.

e (Case 1.27 describes the addition of all the 25 BUC nuclides (cases 1 to 25) into the fuel
following the concentrations given in §3.1.
4.2 Benchmark sub-phase II — 7x7 pattern cell calculation (axially infinite)
e Case IL.0 represents the nominal case without any BUC nuclide into the central fuel of
the 7x7 pattern.

e Cases IL.1 to I.25 describe the addition of BUC nuclides into the fuel following the
concentrations given in §3.2.

e Case I1.26 describes the addition of B-10 into the fuel as a calibration isotope for small-
sample reactivity experiments with the concentration given in §3.2.

e Case I1.27 describes the addition of all the 25 BUC nuclides (cases 1 to 25) into the fuel
following the concentrations given in §3.2.

e Cases I1.28 and I1.29 describe the substitution of UO, fuel by respectively air and light
water.
4.3 Benchmark sub-phase III — 7x7 pattern cell calculation (axially finite)
e Case III.0 represents the nominal case without any BUC nuclide into the central fuel of
the 7x7 pattern.

e (Cases IIL.1 to II1.25 describe the addition of BUC nuclides into the fuel following the
concentrations given in §3.3.

e Case III.26 describes the addition of B-10 into the fuel as a calibration isotope for
small-sample reactivity experiments with the concentration given in §3.3.

e Case II1.27 describes the addition of all the 25 BUC nuclides (cases 1 to 25) into the
fuel following the concentrations given in §3.2.

e Cases I1.28 and I1.29 describe the substitution of UO, fuel by respectively air and light
water.
4.4 Benchmark sub-phase IV — 49x49 pattern cell calculation
e Case IV.0 represents the nominal case without any BUC nuclide into the central fuel of
the 49x49 pattern.

e (Cases IV.1 to IV.25 describe the addition of BUC nuclides into the fuel following the
concentrations given in §3.2.

141



NEA/NSC/R(2016)2

e Case IV.26 describes the addition of B-10 into the fuel as a calibration isotope for
small-sample reactivity experiments with the concentration given in §3.2.

e Case IV.27 describes the addition of all the 25 BUC nuclides (cases 1 to 25) into the
fuel following the concentrations given in §3.2.

e Cases V.28 and IV.29 describe the substitution of UO, fuel by respectively air and
light water.

5. Parameters

Parameters of interest in this benchmark are given below. All integrations are defined over the
central fuel volume (except for the denominator term in perturbation theory which is integrated
over the whole geometry) and over 4x directions for solid angle. They are all normalized to the
central fuel volume and to 1 source neutron (the consequence is the equality of the production
rate over the whole geometry to k). The bra-ket notation <A, B> corresponds to the
integration of the product A.B in the phase space, e.g. over energy, space and direction.

e - neutron flux F= ” j O(E, 7, Q)dEdFd
e - absorption rate A= [[[2,(B,F)DE,F,Q)dEdFd0
e - scattering rate (elastic and inelastic) = j I I S (E,F)D(E,7,Q)dEdFdO
e - production rate P= J‘“vz (B, F)D(E,F,Q)dEdFd{)
e - reactivity worth (EigenValue-difference method) _k—k,
Py = ik
e - reactivity worth (Exact Perturbation Theory) <D, 5HD >
Perr =00 Po >

e - reactivity worth (Taylor Expansion Method)

Prev
e - reactivity worth (Multiple Estimation Method) pupy (@lso named “correlated-
sample theory”)
e - absorption effects in the reactivity worth _<®;,0HD >
<@l PO> |

e - production effects due to fission in the reactivity worth <O}, 0HD >

" <ol P>

02 vz

!

e - scattering effects (in and out contributions) in the reactivity worth
_ <D, 0HD >
<O PO >

s
Z
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e -leakage effects in the reactivity worth <@}, SHO >
PL= ;
<®,PO>

leakage

Parameter definitions:
a(£,7,Q) 1s the perturbed neutron flux,

@’ (E,7,Q) 18 the unperturbed adjoint flux,

XXX, X are respectively the macroscopic absorption, capture, fission and scattering
cross-sections,
v is the number of neutrons emitted per fission,

k and i are the effective multiplication factor of respectively the perturbed case and nominal

case.
H is the Boltzmann operator.

An accurate definition of » and p  can be founded in the following paper:

B. Morillon, On the Use of Monte Carlo Perturbation in neutron transport problems, Annals
of Nuclear Energy, Volume 25, Issue 14, September 1998, Pages 1095-1117.

Guidances:

Each parameter is defined as “exactly” as possible. Nevertheless, the participants are
invited to provide their results even in the case of simplified models, like for instance diffusion
theory, anisotropy of scattering effects... Flux, Absorption Rates, Production Rates and
Reactivity Worth from Eigenvalue difference method is the minimal set of results to be
provided by the participants.

For users of Monte Carlo calculations, reactivity worth from Taylor Expansion of Multiple
Estimate method should be given (if available).

For users of deterministic codes, reactivity worth from the Exact Perturbation Theory
should be given (if available) including the decomposition between absorption cross section
(2, =2, +Z,) and production cross section (VX ,). Exact Perturbation Theory, which means

using unperturbated adjoint flux and perturbated flux, corresponds to the real problem related
to the measurement of reactivity-worth effects and should be preferred. Nevertheless, first-
order perturbation theory could be provided if perturbated flux cannot be used in the
perturbation analysis.

If leakage effects could not be explicitly calculated, a simplified expression could be used
within the framework of the diffusion theory, leading to:

0, = f .[ VO, (E,F)SD(EY)VO(E,F)IEF where p is the diffusion coefficient
L <@ PD>

Another approximation could consist in the assumption of the fundamental mode
(independency between energy and space) where flux and adjoint flux could be simplified like
this: o(£,7,0) = £(E)J,(ar)cos(gz) - In addition, in the heterogeneous P; model, the diffusion

coefficient can be expressed as p=1 /(32,)
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6. Requested information and results

Please forward the results by electronic mail to CEA Cadarache (pierre.leconte@cea.fr) , one
file per sub-phase of the benchmark. Results must be presented as follows:

Line No. Contents

1 *#* BENCHMARK — SUB-PHASE [***

2 Date

3 Institute and Country

4 Contact person

5 E-mail address of the contact person

6 Participants

7 Computer Code

8 Neutron data processing code or method

9 Number of energy groups (NEG), supply 1 for continuous energy
10 Upper energy Limit, in the sens from High to Low (i=1..NEG)
11 Geometry modeling

12 Omitted nuclides if any

13 Numerical solver (Pij, MOC, Sn, Monte Carlo...)

14 Employed convergence limit or statistical errors for eigenvalues
15 * Results of Case 1.0 *

16 Multiplication Factor (for Monte Carlo: Number of histories, Deviation)
17 - Reaction rates — (Total over all energy groups)

18 Neutron flux F

19 U-235 absorption rate A

20 U-235 production rate P

21 U-235 scattering rate S

22 U-238 absorption rate A

23 U-238 production rate P

24 U-238 scattering rate S

25 0-16 absorption rate A

26 O-16 scattering rate S

27 * Results of Case [.1 *

28 Multiplication Factor (for Monte Carlo: Number of histories, Deviation)
29 - Reaction rates — (Total over all energy groups)

30 Neutron flux F

31 U-235 absorption rate A

32 U-235 production rate P

33 U-235 scattering rate S

34 U-238 absorption rate A

35 U-238 production rate P

36 U-238 scattering rate S

37 O-16 absorption rate A

38 0O-16 scattering rate S

39 Added isotope absorption rate 4

40 Added isotope production rate P

41 Added isotope scattering rate .S
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42 Total reactivity variation Prv
43 Total reactivity variation from Perturbation Theory
pepr (for a deterministic calculation)
Prey OF pyey (for a probabilistic calculation)

44 Reactivity variation due to absorption  p;
45 Reactivity variation due to production pp
46 Reactivity variation due to scattering  ps
47 Reactivity variation due to leakage oL

Lines 27 to 47 are repeated for cases 2 to 28 (or 26 for Sub-phase I).
If participants are not able to provide the full set of results, they can send a reduced file leaving blank
spaces for parameters which cannot be obtained. The minimal set should contain results for:
- lines 18, 19, 20, 22, 23, 30, 31, 32, 34, 35, 39, 40, 42 for a deterministic calculation
(with results in lines 43, 44 and 45 if perturbation theory is available)
- lines 18, 19, 20, 22, 23, 30, 31, 32, 34, 35, 39, 40, 42 for a probabilistic calculations
(with results in lines 43, 44 and 45 if perturbation theory is available)
Participants who have the ability to perform both deterministic and probabilistic calculations should
send their results in separated files.

7. Schedule

The following schedule is proposed:
e mid-September 2010: distribution of the draft specification;
e mid-December 2010: comments on available nuclides and parameters;
e end December 2010: distribution of final specification;

e end June 2011: final results on sub-phases 1 and 2 from WPNCS/BUC participants to
CEA;

e September 2011: presentation of the results of sub-phases 1 and 2 at the WPNCS
meeting;

e end June 2012 : final results on sub-phases 3 and 4 from WPNCS/BUC participants to
CEA;

e September 2012: presentation of results of sub-phases 1 to 4 at the WPNCS meeting.
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Figure 62. Sub-phase 1 — PWR cell (radial cross-section)
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Figure 64. Sub-phase 3 — axially finite 7x7 lattice (axial cross-section, non to scale)

(vacuum)

itions

Leakage cond

PWR cell

10 em

eylinders

Aluminum

Reflective boundary conditions

AR A A AR A AR R MR h AR A A AR AR AR A KRR AR AR AR AR AR A AR A AR AR M TRAR A AR AR AR R AR AR AR AR AR AR R AR A AR AR A AR AR AR A AR

T T T T T T

CH I I
botalaladetetedelatel
S S EISIILE
R RHNAL
e S I IS
e et e a e e e et b ta e a2t
R EAIIIILLLS
LI A I A I NI

*, ,
A L
e 2

S S SN
3 e e
TSt b 0 0 b

#,
P L LR
L
o
o, 3
P

4
LA
SLELE
SN
3
e

A
<,

o
.
&

R R e RN

SUONIPUOD ATEPUNOQ IATII[JIY

A

wo 9

Leakage conditions (vacuum)

147



NEA/NSC/R(2016)2

Figure 65. Sub-phase 4 — axially and radially finite 49x49 lattice (radial cross-section)
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Appendix B: Participants and methods of analysis

1. VUIJE a.s., Slovak Republic

Country: Slovak Republic

Organisation: Nuclear Power Plant Research Institute Trnava Inc (VUJE a.s.)

Participant: Vladimir Chrapc¢iak

Description of the code system: SCALE6.1.1/KENO-VI

Nuclear data library: SCALE6 ENDF/B-VIL0 238 group library (v7-238)

Calculation method: Multi-group Monte-Carlo

Other related information:

k. calculations are converged at 30 to 40 pcm (4 million histories per case).
2. Paul Scherrer Institute (PSI), Switzerland

Country: Switzerland

Organisation: Paul Scherrer Institute (PSI)

Participant: Peter Grimm

Description of the code system: CASMO-5M Version 1.07.01

Neutron data library: ENDF/B-VIIL.0 with proprietary Studsvik modifications, processed with NJOY -
99.227 and NJOY-94.105

Calculation method: 19 Energy Group Method of Characteristics with 100 iterations.
Other related information:

#Tc and '“Rh in CASMOS5 nuclear data library are from the JEFF-3.1.1 evaluations instead of
ENDEF/B-VIIL.O.

3. E. Mennerdahl Systems, Sweden
Country: Sweden

Organisation: E. Mennerdahl Systems
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Participant: Dennis Mennerdahl
Description of the code system: SCALE6.1 with NEWT, XSDRN and KENO-Va.
Neutron data library: ENDF/B-VIL0, 238 group library (v7-238)

Calculation method: 1D Discrete Ordinate (S32) in XSDRN, 2D Discrete Ordinate (S32) in NEWT,
Multigroup Monte-Carlo in KENO-Va.

Other related information:
k. calculations were converged at =6 pcm (100 to 200 million histories per case).
The TSAR module is used for perturbation calculations.

4. Commissariat a I’énergie atomique et aux énergies alternatives, France
Country: France
Organisation: Commissariat a I’énergie atomique et aux énergies alternatives (CEA)
Participant: Pierre Leconte
Description of the code system: APOLLO2.8-3, TRIPOLI4.9, MCNP5.

Neutron data library: ENDF/B-VII.0, Continuous Energy for TRIPOLI4 and MCNPS5, 281 energy
groups for APOLLO2

Calculation method: 281 Energy Group Method of Characteristics in APOLLO2, Continuous Energy
Monte-Carlo in TRIPOLI4 and MCNPS5.

Other related information:

k. calculations are converged at =1 to £2 pcm in TRIPOLI4 and MCNPS (5 to 8 billion histories per
case).

The correlated sampling method was used in TRIPOLI4 for perturbation calculations
The CLIO module is used for perturbations calculations in APOLLO2
5. Oak Ridge National Laboratory, United States
Country: United States
Organisation: Oak Ridge National Laboratory (ORNL)
Participant: Don Mueller, Adam Caswell and Sam Morris
Description of the code system: SCALE6.1 with KENO-Va and KENO-VIL.

Neutron data library: ENDF/B-VIL.0, 238 group library (v7-238)
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Calculation method: Multi-group Monte-Carlo
Other related information:

k. calculations are converged at =10 pem in forward simulations (35 million histories per case), £50
pcm in adjoint simulations for sub-phases 1 and 2, at 1 pcm in forward simulations (5 billion
histories per case) for sub-phases 3 and 4.

The TSUNAMI and TSAR modules are used for perturbation calculations.

6. Gesellschaft fiir Anlagen- und Reaktorsicherheit (GRS) mbH, Germany
Country: Germany
Organisation: Gesellschaft fiir Anlagen- und Reaktorsicherheit (GRS) mbH
Participants: Markus Wagner and Volker Hannstein
Description of the code system: DORTOREST and MCNP5
Neutron data library: ENDF/B-VII.0, 238 group library.

Calculation method: Cartesian discrete ordinate method (Sn) in DORTOREST, Continuous Energy
Monte-Carlo in MCNP5

Other related information:

k. calculations are converged at =7pcm in MCNPS (50 million histories per case).
7. Japan

Country: Japan

Organisation. Japan Nuclear Energy Safety Organisation (JNES)

Participant: Toshihisa Yamamoto

Description of the code system: DRAGON-305F and GMVP-II

Neutron data library: ENDF/B-VII.0, 69 group library, processed by WIMSD

Calculation method: Pij (2D) forward flux calculations for DRAGON3, Multi-group Monte-Carlo for
GMVP-IL

Other related information:

The pseudo-adjoint flux option is used for perturbation calculations.
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