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Conceptual basis (thesaurus)

I Approach:
=> the application of mathematical statistics to
independently whether deterministic (GLLS) or random (sampling)
=> |ll-posed inverse problem solution
to build “phase space” for knowledge transpositions
=> using relevant suit of the IEs
statistically significant, representative set

Operated terms:
=> prior estimations
basing on ND covariance matrices
=> observations
C/E values
=> knowledge
topology of the benchmarks (values together with uncertainties)
=> posterior estimations

biases and uncertainties

=> surrogate modeling
Si sensitivity coefficients o/R* (AR/Ac) or o/R'(AR/Ac) (Ac/Aa)
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Traditional analysis: IEs with plutonium

JEFF-3.3t2 -88 -297 -220
JEFF-3.1.1 -54 -205 -176
Completely withdrawing thermal spectra experiments
C/E
%
1.03
e © %% .
1.02 [ ]
° @ e®] @ o
e®e © o
. oo © &8 e o o °
ao oo
= W':-."l: N e Pl 5.8 70 0" aeee® o NNy A PR
®®oe J‘o i o %o Moosgyy” o % % e, )
099 ® ® e oo °
®
098 - o2
® C/B JEFF-3.312
097 1 ®C/B JEFF-3.1.1
[ ]
0.96 -
o
L1 o o e o LA B o e s o o L e e o L et LA B o T T
2823885858888 88235sgg8gsgs508css8d8s858 358N gsezssaedasnAaNEggEszszg g
aaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa
I R B I T T I T I - S T T T T B e T T T T I s s B I s T T B B L O L I BT NP
aaaaaaaaaaaaaaaaaa SN ANRASEN R mmmmBss s oss 00000 Ccc00C0000COCCCCSCBSGCOOBOOGCOOGCSHHSSHSoSS885
3333333332727 333323271232323232323232323FF ;2233332233398 38333:2::3%
R N R N N N R R R R R R R R N R R R R R R R R RSN R R N RN
TEE 8T EEEEEEEEEEEEEEEELEEEEEEEEEEEEEEBEE s s b EEES S B EEEEEEBEETEEELELS
EEECEEEEEEEEEEEEEEEEEE EEEEEEEEEEEEEEEEEEE R EE i aEEEEEEEEEEEEEEEE R EEE
aaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaggag_aggggg-;-;-;-;-;-;-;-;-;-;-;-;-;-;-;-;E_Eég

Traditional approach notably depends on number of benchmarks




Impact of Integral Experiments Correlations
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Tatiana Ivanova, Evgeny Ivanov, Giulio Emilio Bianchi “Establishment of Correlations for Some Critical and Reactor Physics
Experiments”, Nuclear Science and Engineering, Volume 178, Number 3, November 2014
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Progressive approach using dedicated IEs (BFS-MOX)

Parametrically varying spectra and BFS-MOX integral experiments series
energy spanned sensitivity contribution to 2°°Pu (n,y) cross sections

Ac/c |
—BFS-97-1
—BF5-97-3
—BF5-99-1
6% 1 —BF5-99-2
——BFS-101-2
——BFS-101-3

239py (n,f) S,

4% |

2% -

2% -

-4% -
1.E-05 1E-04

—BFs-97-2
—BFs-97-4
——BFS-99-1A
—BFs-101-1
—BFS-101-2A
——5UM BFS

1E-03 1E-02 LE-01 LE+00 E, MeV

Integral experiments designed as mock-ups or dedicated to the given problem
are available nowadays (using advanced analytical and statistical tools) as the
experimental based benchmarks for the ND studies
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Traditional approach and data assimilation

A AR, pcm

o

-1000 -

-2000 |

bias

1 2 3

T —_l_—_|

=

B JEFF-3.3t2
| mIEFF-3.1.1

Accuracy of Pu and Mixed loaded
critical systems computations

Traditional approach

1. all available benchmarks including
solution experiments (N=635 cases)

2. all benchmarks except for solution
experiments (N=238 cases)

3. the only fast and intermediate spectra
benchmarks (N=139 cases)

laVaVal LA \

The extrapolatlon of comfortable ~300 pcm gives ~ 4000 pcm - ~10+15% of MCR
w/0o notable improvements

bias

“m

W JEFF-3.3t2 W JEFF3.2

T8

CASE with EALF 4 keV CASE with EALF 1 keV CASE with EALF 300 eV CASE with EALF 90 eV Pu FRIx1000000

Data assimilation approach for different

spectra

= 1+4 criticality safety cases
4. At 4 keV EALF bias is Positive
5. Lower Energy EALF bias is Negative

» |argest bias ~ 4000 pcm (Akg¢)

= 239py fission resonance integral bias and
uncertainty ~ 0.12% and 0.28% (times 1M
on the figure)
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Bayesian approach - bias and uncertainty

| Bias - the expectation of correction factor to be associate with simulation
results basing on available observations

AR ~© - O - Sy S Arg

depends on observations [Arg], physics of the IEs and of application [Scand S,5],
and basic and IE data uncertainties (freedom degree) [0] ,[©]

| Uncertainty of the bias - the measure of the bias confidence
O(AR) ~© - Of - Spo S

depends physics of the IEs and of application |SIE and SeQ|’ and basic and IE data
uncertainties [0©],[0© ], does not depend on observations [Arg]

Parameters to determine uncertainties and to determine the bias are different

Practical conclusions:
Space of uncertainty is orthogonal to the space of value
Model of uncertainty evolution (extrapolation) is needed

IRSH NN



Source of data, NEA database

= = | Openly available
I information in the NEA
2013 3575 N:::::f:f E— : R i Data Bank

[

Handbook | Number of A Sources b C
Edition Unique Cases —

2012 727 TSUNAMI1D+TSUNAMI3D [VALID]+

e

Non VALID cases SCALE6.0 from Balance T -

Ml . Physics (neutron status) —
HST HST HST HST HST sensitivity coefficients

015 025 025 025 025

Qo2 004 005 (DICE,IDAT)

450 | 430 | 410

80 5 Nuclear data covariances

2014 4011 Previous + MCNP6 + SCALE6.2BClutch
ﬁm

525/608 4/10 114/121 9/9
DT 6647895 21/32 383/403 75/84
[ 142/180  5/21  31/43  7/23
1424/1612 ofo 1/1  s/5 1ST02S0015

EEM 186/197 29/29 8/10  g/g '1°1025-002 950
IO 323/436  2/7  4of67  1j26 'o1025-004 950 (JAN'S)
SPEC 0/0 0/0 4/20 ojo HST025-005 410
c. Benchmark models (DICE,
= I3~  IDAT, SINBAD, SFCOMPO)

- p. Covariance of uncertainties
(DICE)

.  Raw Differential Data
(JANIS, EXFOR)

F. Linking (NDaST)
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Nuclide-reactions: two groups

Main group:
nuclides-reaction involved in the adjustment form the matrices of sensitivities

u-235 nubar
u-235 n,n’
u-235 elastic
u-235 fission

u-235 n,gamma
u-238 nubar
u-238 n,n’
u-238 elastic
u-238 fission

u-238 n,gamma

Second group:

nuclides-reactions for which no gta#iStically significant integral experiments data

0-16 n,alpha

be-9 elastic

IRSN S



Benchmarks/residual uncertainties

<4PMF-009-001 reflected by Al
0, ~ 100+200 pcm

o
PMF-035-001 reflected by Pb»
Opp ~200pcm (=

Nuclides-reactions should be excluded from the adjustment — if not enough
statistically significant IEs cases.
Their “residual uncertainties” shall be added to the computational (C/E) uncertainties.

— Neutron \\ h+0.15em

/ Ve fau I < PMF-019-001 reflected by Be
%Z&/W

ﬁ Oge ~ 200+300 pcm

fjw MMF-007-00X reflected by Bep
Oge ~ 900 pcm




Benchmarks/residual uncertainties, cont’d

: <PMF-021-00X (VNIIEF)
= reflected by Be (BeO)
Oge ~ 600 pcm

sl RLpLEe s

1—7 .
?\
g

PMF-045-00X (LAMPRE)
impacted by Ta and Ni»

. O+, (unknown) ~ 600 pcm

106.6800

ofzo |2
Bih | Bl 5

ananan

<|CI-005-001 (ZPR 6/6A)
contains Na, Fe and Graphite

Ong ~ 100 pcm

m
-‘§
facuum

Radial
Blanket
RR1

i
=

er Core
oc1

24.3435 (Refl. B.C.) 91.2449 119.9467 140.2569

Dimensions in cm

Behind any case name (NMS-RRR-NNN) there is a complex configuration which
detailed design, inventory and layout shall be taken into account
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Indirectly measured values - B and B

phys

1-C/E |
XS uncertainty ~ o
10% | ) Beff Y Bphys
XS Uncertainty Posterior Short
a% | XS Uncertainty Posterior Full
~@- Bias Posterior Short
% 1 # Bias Posterior Full

-O--Bias Posterior Filtered
A Bias Prior !' A

a%

Uncertainties due to v, and X, are considered as

b} SNEAK T8

Dimensions in o
<

B
residual ones because of limited statistics _
3 8 JP . o~ o g
3§====:§:§§Egﬁaaaggggggggégg ] Com B
RoR ™ 4
To be used in the validation suit excluding direct v4 and x4 siis |
(Byhys) contributions - analog of the reactivity benchmarks ?
- since there is no statistically significant set of B cases -
/ L
. . . . . T Substitute
Bohys Can be tested against pile oscillation experiments I
Fig 3. Cross seotion /_.6;' fhe core and the pile oscillator

subassembly.
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XS adjustment/correction for 23°Pu

20% -

15% -

10% |

5% -

0%

-5% -

-10% -

-15% |

-20%

Correction of the group-wise cross sections : contradictive contributions
Adjustment makes sense if the set of benchmarks is statistically significant

Partial contributionsin A}

IEU-COMP-INTER-005-001
IEU-MET-FAST-014-002
IEU-MET-FAST-014-001
= IEU-MET-FAST-013-001
IEU-MET-FAST-012-001
= MIX-MET-FAST-003-001
= MIX-MET-FAST-002-003
= MIX-MET-FAST-002-002
» MIX-MET-FAST-002-001
= PU-COMP-FAST-002-005
" PU-COMP-FAST-002-004
= PU-COMP-FAST-002-003
m PU-COMP-FAST-002-002
= PU-COMP-FAST-002-001
® PU-MET-INTER-002-001
B PU-MET-FAST-041-001
W PU-MET-FAST-009-001
B PU-MET-FAST-004-008

Note: both sensitivity coefficients and corrections can be reduce
models parameters unfolding the group-wise sensitivities Sz, =

m

g 1o grcjear
R Jo,, Oa

However set IEs should be statistically significant for ND practical adjustment
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Resolution factor limitation

Statement concerning methodology and o(x) Ik, o(X ok, > K,
computations is: k:j W), Ha dx¢j£dx-f N dx:k—- :
new algorithms and computers enable precise
comprehensive sensitivity analysis - MMKKENO,
MONK, MCNP6, MCCARD, SCALE 6.2, SERPENT 2,
MORETS etc.

Sensitivity computation Forward Adjoint Convolution, Fidelity of k. and
approach solution, ¢ solution, g Sy consistency of S,
S . high fidelity, non-precise K.,
Deterministic Group-wise : . P eff
S, Is inconsistent

Hybrid Monte-Carlo Group-wise high fidelity, non-precise k.,
(SCALE 6.1/ TSUNAMI-3D) approximant Sk 1s inconsistent

Group-wise Monte Carlo Groun-wise Groun-wise high fidelity, non-precise K,
(MMKKENO) P P S Is consistent
Precise Monte-Carlo . i recise K¢,
Continuous - Group-wise p . et
(IFP and so on) S, Is inconsistent

The surrogate models based on the linear response (sensitivity coefficients) have
fundamentally limited resolution capabilities

1R ST

Group-wise Group-wise




Selection by contribution in uncertainty reduction

The metrics for added value -
uncertainty reduction

Contribution in uncertainty reduction

AcR/oR m
&t B e %

0,995 - ] m ]
0,99 -
0,985

[ RI Pu fission
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@
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The uncertainty
reduction factors (URF)

Each benchmark
contributes more or less in
the reduction of prior
uncertainty

Uncertainties shift factor
can be computed iteratively
and further corrected on x2.

Note: the uncertainty shift
factors are independent on
observations

URF values can be used in express validation. URFs - independent on observations but
on physics behind the test cases and applications - give enough information to design
new experimental programs, if necessary

O RS



Bias and uncertainties quantification

lllustration : uncertainty

reduction produces bias Bias ranking factor (BRF)

AR, g Rank

nn

B FULL SET

B SHORT SET
-5000
5000 —+—CASE with EALF 4 keV ~#-CASE with EALF 1 keV s~ CASE with EALF 300 eV ~—=—CASE with EALF 90 eV ~—Fission Resonance Integral
CASE with EALF 4 keV CASE with EALF 1 keV CASE with EALF 300 eV CASE with EALF 90 eV Pu FRIx1000000 _u.g Egg;;g SIS - sggg . - »
EREREEER R BEEgEoFAYEEEE ERFFO0HE §
BRI R T
HEHEEEEHE L E L AR LR LR SRR L AL LREEL

AR, = (S,Io W S, ) (\7EX,, +Ve o +5-W -§B)‘1 ‘AR, ; & AR,  ~Rank-AR,;

The bias and the uncertainty are statistically linked
as far as the bias is generated due to uncertainty reduction

S, RS

2 oT VIS
620 =S,5-W'-S,q




Discussion: links between validation approaches

~ ~ PN _ _
(VEXP 4 VCL o+ SB W - SB) Total Covariance Matrix

A —eigenvalues and 0 - eigenvectors of Total Covariance Matrix give
rotation and scaling factors for PCA

N

bias = (§/IO W - §B ) (\7EXP +\7CLC 4 SA; .W.§B )_1 .AR Expected application

bias = RF, - AR, + RF, - AR, +...+ RF - AR,, Mean bias ponderated using pre-
computed bias ranking factors

To estimate bias using single-output analytical tool and
to provide the first guess for TMC

2 2 2 cT VAR o7 IR _ ]
AOCpost = Oprior —Opost = On0 "W+ Spo =Sp0 W'+ S, Reduction of uncertainty

Acior = SF, +SF, +...+ SF, using pre-computed uncertainty shifting factors

AUEOST =Sk, + Sk, +...+ Sk +® added value with new experiment
To design new Intm Experiments programs

1R ST



Benchmarks’ ranking table

Major adding value cases  Criteria of the selection

| High fidelity evaluated integral

PU-MET-FAST-003-001 ok .

PU-MET-FAST-003-003 *k experiment data

PU-MET-FAST-003-005 o o o - K ; ; . .
PU-MET-FAST-009-001 I BE T B I Limited/well estimated residual
PU-MET-FAST-019-001 o S RS R S uncertalnty

PU-MET-FAST-021-001 o —

RUMEIEEAST024:002 RS I N | Potential contribution in
PU-MET-FAST-025-001 * * * ** . . . 5
PU-MET-FAST-026.001 3 uncertainty 2 criteria based on x
PU-MET-FAST-032-001 and 1/Number of benchmarks
PU-MET-FAST-035-001 K K W KA

PU-MET-FAST-036-001 & & g & g =T A A N N AT A A —1 AT A
PU-MET-FAST-041-001 HEE S, oWS, '(VEXP + Ve o+ SBWSB) -SgWS o
PU-MET-FAST-045-003 = o e B =

PU-MET-INTER-002-001 = A LS *k * .. . . . .
PU-COMP-FAST-002-003 I I Visible potential contribution in
PU-COMP-FAST-002-004 g s [ * - -
PU-COMP-FAST-002-005 e jheAeXApeCEed UIEImat? b I?‘S .~ O\
MIX-MET-FAST-003-001 ~ **  *%* & ¥ s (ST W-S ) (V +V. . +ST.W-S )
MIX-MET-FAST-007-009 o w - = B B EXP cLe B B
IEU-MET-FAST-013-001 R I * *

Table can be used for express validation (90% of success) and
to provide the first guess for an estimator like TMC

IRSN N



Discussion

Applicants can be provided with the matrices of weighted benchmark cases
Instead of XS correction factors

Parameters Potential role in the V&UQ
| URF (Uncertainty reduction ] Short list of the problem
factors) - observation oriented representative
independent benchmarks

| Pre-computed S, prior ND and | Establishment of the new

IEs matrices problem-oriented IEs

| BRE (bias ranking factors) - ] Validation of high-fidelity
observation dependent codes unable for PT

| The same as for URF and | Specification of the weighted
precisely computed AR list of cases

Application is any given integral functional of the ND (RI, correlations etc.)

IRSN



Summary

The conceptual basis of the V&UQ

| Inputs
= A-priory available information (theoretical models and associated data)
= High-fidelity benchmarks - integral experiments data

= The topology of the benchmarks’ suite and the application - the physics behind the
configurations

| Outline
= The bias associated with application and the uncertainty generated by validation
= Validation matrices (weighted lists of the benchmarks)

Lessons learned

I Note #1

= The main contingencies on TMC and traditional approach => what is the criteria of
success and how to reach the number of benchmarks independency

| Note #2
= Application is flexible => it can be any linear/bilinear functional of ND (RI, etc.)
| Proposal =>
to built the comprehensive scheme of Integral Experiments Data involvement in ND
elaboration using Bayesian approach and varying the AOs
IRSH







Conclusions

] Suggestion 1: Advanced validation should deal with assessment of the
knowledge, i.e. with testing ND together with their covariances using
observations and high-fidelity ND covariances, and
high-fidelity IE uncertainties and correlations

] Suggestion 2: Further efforts on new ND evaluation and new generations
of analytical tools development shall be harmonized with the
establishment of ND covariance matrices, |Es covariances and with access
to high-fidelity benchmarks (including proprietary)

] Suggestion 3: it would worth if the next generation of evaluated ND
libraries will contain information about the use of IEs cases for differential
experiments calibration and ND evaluation

] Suggestion 4: Validation process being a systematic approach should be

aimed, among others, on identification of the gaps in data and models and,
that is more important, on comprehensive support of the further

experiments establishment
IRSH D



Role of the validation techniques

Adjusted data and/or tendency for
modification

give a man a fish and feed him for a day — yet teach him to fish and feed him for life
(proverb)

Raw/available data

GLLSM (Bayesian-based) tool Pre-processed Validation Matrices

IRSH



TMC divergence/convergence

] Bayesian approach - similar weak points as in GLSSM - due to iterations and
hierarchy

| Convergence : ideal - all cases are in errors bars, realistic - the most
indicative are converged

Initial state |Ideal case General case Weighting Weighted
adjustment

Progressive
weighted




Data Assimilation/Adjustment Approach
Covariance matrices correction in adjustment
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241py fEfsceazemieegespessER Tt AR 241py

=}

Cross-reaction and cross-material correlations always appear/be corrected while using
Bayesian based data assimilation approach

Suggestion 6** : It is contended with some justification that very accurate integral data
ought to be used to improve the accuracy of evaluated differential data. However, the
influence of cross-reaction and cross-material uncertainty correlations in such an
integrated evaluation approach should be investigated extensively before this
approach could be considered as sufficiently trustworthy to be applied systematically
in producing evaluated nuclear system-independent data libraries such as ENDF/B

* * D.L. Smith, Nuclear Data Uncertainty Quantification: Past, Present and Future, Nuclear Data
Sheets, 123, pp 1-7 (2015)

* lvanova T., Ivanov E. and Ecrabet F., “Uncertainty assessment for fast reactors based on nuclear
data adjustment”, Nuclear Data Sheets, 118, pp. 592-595 (2014). | Rs N



Summary of the Reasoning

] GLLSM to provide the first guess for further Total Monte
Carlo applications

| Total Monte Carlo convergence/divergence issues

I Origin of the methodology: (Turchin, 1971)

J GLLSM = ill-posed problem solution using Frobenius
simplification/ Tikhonov regularization

I Constraints: first order covariance matrices, junction of
the nuclei models, statistical nature
IRSH
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