sclk cen

Belgian Nuclear Research Centre

UNIVERSITE
LIBRE
DE BRUXELLES

Bayesian Inference using
microscopic and integral
measurements to infer

nuclear data parameters

International Workshop On Nuclear Data Evaluation
for Reactor Applications \IWONDER-2026)

Presenter: Daan Houben

Co-authors: M. Hursin, L. Fiorito, P. Schillebeecky,
G. Van den Eynde and PE. Labeau

Date: 30/06/2026



Introduction — 3

Objective — 7

Methodology — 8
Case study: >3Cr — 10

Conclusions — 18

EEEEEEEEEEE

2
ISC: Restricted



Introduction

» SCK CEN is committed to building LFR SMR
* EAGLES-300

« Cooled with liquid lead
« MOX fuel to close fuel cycle

Enhanced safety Corrosion
Efficient fuel use Weight
HL waste reduction Freezing risk
Passive cooling Limited operating q
experience FOAK

EAGLES-300 conceptual design
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Introduction prapertes ¥
:gts’::::ry . ’ Inputs Outputs ‘
- Design and safety studies of a FOAK 1o @ |Simulation § [
* Use of predictive simulations Boundary 1%y \
* Algorithms well known Modelling  po o

assumptions

Large uncertainty margins attributed to:
* Input model parameters
* Nuclear data

Major source of common uncertainty

Incident neutron data / EXFOR [ Pu239 | (,G)94-PU-240 | ©  JAFanels, 1670

Increased costs for design and safety
studies
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Introduction

* Possible route to decrease prediction
uncertainty:

 Data assimilation leveraging past
experiments

MODELS
less certain

OBSERVATIONS
more certain

R

llllllllll

* For LFR highly similar experiments
scarce

« Use experiments not designed for LFR

MORE ACCURATE
PREDICTIONS

UNIVERSITE
E
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IntrOdUCtion : , Microscopic Nuclear

e Ao\ experiments \ / theory
* Nuclear data evaluation process -

« Multi-step process
* Evaluation =» Bayesian approach

* Integral experiments used for
validation
¥

Integral

buiuny-auli4

g Validate

¥
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ObjECtive " Microscopic Nuclear

P || YL ‘ gh,\ experiments \ / theory
- Data Assimilation using both o N

microscopic and integral
measurement
_y
* Identify limitations and challenges ®
Process c
=
[ £
Integral :
experiments Validate
A - N Y,
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Methodology

Overview

sckcen [

SURROGATE MODELLING

PRIOR ND

SAMMY

Goodness of fit
on micro exp

SNIVERSITE SCK CEN/100617371

DE BRUXELLES

SERPENT

Goodness of fit
on integral exp

BAYESIAN
OPTIMIZATION

International Workshop On Nuclear Data Evaluation for Reactor Applications (WONDER-2026)

POSTERIOR ND
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Methodology

Formulation unnormalized posterior

PRIOR MICROSCOPIC

1 1 1

In(p) = — 5)(1%13 _Eszn — =X

©o
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sckcen [

o
o
o
Case study: 53Cr .
o
o
o
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Abundance

Case study: >3Cr (%)
Cr-50 4.34

Why >3Cr? Cr-52 83.8
Cr-53 9.50

Cr-54 2.37

Isotope

 Stainless steel (11-26% chromium)

 Structural materials of reactors =2 1073
corrosion resistance H e
» 505253Cr important for kg in some o [|—oees:
nuclear systems (mostly (n,y)) o T
» 53Cr was included in NEA High 8
Priority Request List (1-100 keV) o
0........I.\..I..........\.............

1 2 3 4 5 6 7 8 9 10
Neutron energy (keV)

form P. Pérez-Maroto et al, "50Cr and 53Cr neutron capture cross sections
measurement at the n_TOF facility at CERN,” 2025
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Case study: >3Cr

Selection of integral experiments

* Requirements:
* Sensitive to »3Cr (n,y) in 1-10 keV range

0.000 ! ! ! ! ! ! ! _ i L

« Two most sensitive criticality experiments | “"‘“‘1 -

—-0.001 i i i i HH
selected from ICSBEP [4]: :
£ -0.002 1
i
« HMI-001
5 —0.003
o
« PMI-002 5
o —0.004
=
=
‘G ~0.005
@
w
—0.006 Hil . : |
—— hmi0o01 - *3Cr - (n,gamma)
pmi002 - >3Cr - (n,gamma)
00074 s —————— —————
10° 10! 102 103 104 10° 10° 107
Energy (eV)
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Case study: >3Cr

Formulation unnormalized posterior

PRIOR MICROSCOPIC

1 1 1

In(p) = — 5)(1%13 _Eszn — =X
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Case study: >3Cr

Formulation unnormalized posterior

In(p) =

UNIVERSITE

sckcen [

DE BRUXELLES

SCK CEN/100617371

PRIOR

1
.2
2)(ND

4 input parameters:

« [, E=4.1 keV
« [, E=5.7 keV
- I, E=6.8 keV
- [, E=8.2 keV

20% rel. unc. I

No correlation
Multivariate normal

MICROSCOPIC

1

—EXé

256 observations

Treat normalization
uncertainty as fitting
parameter

Iy = z:exp + Znorm t Zq

oooooo

uuuuu

International Workshop On Nuclear Data Evaluation for Reactor Applications (WONDER-2026)
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Case study: >3Cr

Formulation unnormalized posterior

MICROSCOPIC

1 0.0014 X & Measured data 10%4
2 0.0012 - W
X o |
2 Xm 0.0010 g 10
3 * - 5
) > 0.0008 ;E = A E
« 256 observations E f x =° 2.
. . & 0.0006 - 3 = > 10
* Treat normalization = o ¥ :f.; ?E z
uncertainty as fitting "o g T T . ©
ﬂ L E 4 2] — I
parameter 0.0002 ~ g~ - % 10 % norm
g Zex
* Ip= z:exp + Zhorm T 24 ; ' ' ; y :
) 2000 4000 5000 8000 10000 2000 4000 6000 8000 10000
Sexp: EXperimental setup incident neutron eneroy (V) Energy, ev
Zorm. Normalization factor
X, Other nuclear data
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(C—E)*

Case study: >3Cr

Formulation unnormalized posterior

= HMI-001 PMI-002
_— —
a
— 1000 -
c
.0
2 5 750 -
X 5
— . =
=)
2 1 £ 500 .
o
)
: | | I I | ‘
£ I I
@©
Y 3 + 3 + 3 £ 0 |||I (BN T} LTI RpRpRny P S "|||II (R LT LTI T L
l exp. GP o 11 i
c
E —-250 7
0.000 = _ﬁ '-lq—J lIIl|[I|IIIIIIIIIIIIIIIIIIIIIIIII|[IIII T r 1T rr rrrrrirrr1rrrrrr7m grgrrrrrrrrrrrr7r 1715 1T
—:”TTHL -~ 0NN 00 AN SN0 S NN S NN 000NN I OO (N0 NN NN NN AN SN0 NN 00N Y ANOOCNNONONST COST ONONONST NN
-0.001 [ [ —OoOOo0own ~ OO O O+ (L0 00 0L HHO L0 . LOPOOoO . Orilno . .00 OO0 O+ . ~0Od O . OO o~ OO0 O
5 oo..—h—h—inﬁ_N-—h—iNN.—iq-:—i SO AN OO AT TN AN AN O g N NN.—«H::-NNH-—!-—M-NHNH
£ 0002 J_ HONCOONOSE LGOS TSONLI0OOLAM= O M < M0000r~uf NN (N OB NNLAN S OO ONMOOM= <t ONPAONNN_NNCNONEO00 MO0
2 OrONNNNG  1NINOM 1NN LNNOMONY . . LNLNONON O 1NONNOOLNHLN NS 1N om@moommm oo .NO
B N~ st cum OJu—imaJhu—«NmmwaJwr*- Zﬁmzétrmh‘-arﬁq:r = H——L0= —O0 <t = U S OO - Ur—00= VO0Y —MN= i =N = Nl—h—fz
5 ~0.003 m 1N . MY Sl NS S D2 EManO ISR L m . L = L ~NEO L UnDo
& Nl.nmxol.n"‘:"’wrr\l r---——m:)““"‘"’z~_, L— NOGJ““ F Nt C INOWO N TNMNMTT~NO [@)=] ~NOT D Eooo
g oIMNeILNM — 1D 1N O— = un 1o ) mihrMmns M 360 LN LN A 1 A Sino :! o)
© -0.004 —ND U Li!f‘—' Ijlf ~ c ~mM LE HON Nn-l’:\l‘dlf EC 9‘,03 Em (‘:\,l"’ ‘L—)G == 2 o
: 2= ~ ~ = 7o) () =55 g a— —= - o a — — =
2 —0.005 m — — — m —
& r g (g
I s hmi001 - 3Cr - (n,gamma) J -~ a
—— pmi002 - 53Cr - (n,gamma) —
-0.007 - T

10° 10! 102 10° 104 10° 10° 107
Energy (eV)
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Results

Bayesian optimization

Description

=)
<
B Prior Distribution %
Integral Only S

s Micro Only rﬂ 4 -
B All experiments =
s All (Neglect ND) g

B All (Integral unc reduced) @ 2-
(o

N IR I I R
My(1) My(2) rv(3) r(4) Normalization
Parameter
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Conclusions

A methodology is presented to include both microscopic and integral
measurements using surrogates

Integral measurements can be included but uncertainties of other nuclear
data should also be considered

HMI-001 and PMI-002 are not sensitive enough to >3Cr (n,y) for DA

Improvement mostly comes from microscopic measurement
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Introduction

Nuclear data evaluation process

EXPERIMENTS EVALUATE VALIDATE LIBRARY

Experimental Prior PROCESS I General

; experiments
input knowledge Xpen

purpose ND
library
k
Exp. Model Prepare o
correlations defects Nuclear Data RRR JEFF-4.0
T H EO RY L 5 Capture yield Parameter NJOY ENDF/B-VIII.1
meas. uncertainties
FRENDY
Transmission : v Model cross
meas. { 0/ sections
e i (NN
b33 i yir ; .
§ 7/: i N
E . . . .
SCI{ cen m St SCK CEN/100617371 International Workshop On Nuclear Data Evaluation for Reactor Applications (WONDER-2026)
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Objective

Combine integral and microscopic experiments in one step

EXPERIMENTS EVALUATE

Integral I—l BRARY
Prior PROCESS

Experimental

exp.

input knowledge General
Keft purpose ND
Exp. ‘ Model Prepare [
correlations RRR defects Nuclear Data y
! JEFF-4.0
TH EO RY | Capture yield Parameter NJOY
meas. uncertainties
: ENDF/B-VIII.1
Transmission Model cross IR
—> "
a8 meas. sections
- @ |
t . . o
SCI{ cen m St SCK CEN/100617371 International Workshop On Nuclear Data Evaluation for Reactor Applications (WONDER-2026)
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Methodology

Surrogate modelling
— high-fidelity model
+ SAMMY and mostly SERPENT e ® samples
. . : | Gaussian Process
evaluations are expensive )

_______________________

* Train easy to evaluate surrogate model
« Sample input parameters

Evaluate sample in high-fidelity code

Split in training and testing set (80/20) R N

Train a Gaussian Process with training set \/

Test GP on testing set ' ' '

____________________________

SCK CEN/100617371 International Workshop On Nuclear Data Evaluation for Reactor Applications (WONDER-2026) 23
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Hastings, W. Keith. "Monte Carlo sampling methods using Markov chains
and their applications." (1970): 97-1009.

Methodology
Markov Chain Monte Carlo

A6 Initial Sample (6,) ¢
- Instead of randomly sampling the input ~ ”
space oYe
* Carefully select next sample based on O00|
likelihood 500
* Propose new position: 00
* If position is more likely > Accept .

* If not 2 sample to Accept / Reject
o |f Accepted > go there Prior Distribution p(8)
* Rejected - propose new position

- Eventually we sample from stationary
distribution = target distribution

Posterior Distribution P8y

UNIVERSITE
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Methodology
Markov Chain Monte Carlo

 Accept proposed state based on

Posterior

/

p(0 | data) = ==

Likelihood Prior

R

{p(data | 6) -p(@)\)

/aCd'-&\%—’

ratio of unnormalized posterior: Normalization
» Probability of observing proposed Proposed*?
state in prior distribution Current®
* Probability of observing Posterior Likelim"d 7‘”
experl.rT\.ents given proposed state / ( (lemta o) p(9~)\)
* Probabilities can be small! p(0 | data) = Qe
 Take log for numerical stability \
Normalization
sckcen [ | soxcamsirsr International Workshop On Nuclear Data Evaluation for Reactor Applications (WONDER-2026)
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Case study: >3Cr

NeW Capture yield measurement ><I1IO|_I?’| | L L R | LU IICr_ISI3I| L LI L T 17T
~ | —— This work 7
| |— SAMMY fit N
* Neutron time-of-flight 15— errss 1
. . - |— CENDL-3.2 .
° Usmg thin target E - |— INDEN |
>
. . . 1— —
 Not yet included in evaluation S .
a | |
* Focus on 1-10 keV range S [ i
* Infer I, -widths 0-51 _-
O I T | I L1 1 1 | L1 1 | | | I T | I | I I | | L1 1 1 I | I I | | | I | | | I‘ |
1 2 3 4 5 6 7/ 8 9 10
Neutron energy (keV)
form P. Pérez-Maroto et al., “50Cr and 53Cr neutron capture cross sections
measurement at the n_TOF facility at CERN,” 2025
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cr53_thin

@ 2025 Pérez-Maroto

0.0030 A

Results

0.0025 A

0.0020

Input data

0.0015 4

Capture yield

0.0010 A

* Draw 100 uniform samples of:
o F,yls 0.0000

1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

* Normalization for capture yield Inedert neipSnemyeY

2.5 4

2.0

=
w
1

Cross section, b
=
o
1

0.5 +

0-0 T T T T T T T T T — 1
1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

Energy, eV
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400000 0,995

— GF Mean

350000 102
0.994
1.000
300000
0.998 0993
250000
N . 0.995 =
* 200000 o & 0992
0.994
150000
0.992 o9
100000
0.990 0.990
50000 0,988
0.989
o 2 4 6 8 10 0 2 4 & [ 10 o H 4 6 8 10
I, (E=4.1 kev), ev Ty (E=4.1 keW), v Fy (E=4.1 kev), eV
100000 0.9928
0.9926
20000 0.9965
° 0.9924
0.9960
u r O a e e a V I O r - o
I k" ¥ 0.9055 09920
70000
0.9918
09950
60000 0.9016
0.9945 09914
50000
08912
000 025 050 075 100 125 150 00 05 10 15 2.0 0.0 as 10 15 20
Ty E=5.7 kev), eV Ty (E=5.7 kev), eV I, (E=5.7 keV), eV

Learn behavior of experiment

°
ket

GP performance on testing set - J -
SAMMY ——

0 4 6 8 L] 2 4 & B 10 0 2 4 3 8 10
Ty (E=6.8 kev), eV I, (E=6.8 keV), eV Iy (E=6.8 keV), ev
160000
0.998
0.9930
) 140000
0,997
120000 09925
0.996
1, 100000 I 509920
b * 0.995 =
80000 o0s 0.9915
60000
0.093 0.9910
40000
0,992
o 1 3 5 6 7 o 2 4 L] 8 10 o 2 a 6 8 10
I, (E=B2 keV), eV 1, (E=B.2 kev), ev Ty (E=8.2 keV), eV
90000 0.9958
0.9924
80000
0.9956
0.9922
70000
_ 09954 _
" g0000 ] 5 o.s20
0.9952
50000 09918
0.9950
40000 0.9916
30000 0.9948
0.90 095 1.00 105 110 0.90 095 1.00 105 110 090 0.95 1.00 105 110

Normalization Normalization Harmalization
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Results

Bayesian optimization

Description

=)
<
B Prior Distribution %
Integral Only S

s Micro Only T| 4 -
B All experiments =
s All (Neglect ND) g

B All (Integral unc reduced) @ 2-
(o

N IR I I R
My(1) My(2) rv(3) r(4) Normalization
Parameter
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Results

Bayesian optimization

Description

=
<
B Prior Distribution %
Integral Only S

B Micro Only rﬂ 4 -
B All experiments =
s All (Neglect ND) g

B All (Integral unc reduced) ‘g 2 -
o

NI B
My(1) My(2) rv(3) r(4) Normalization
Parameter
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Results

Bayesian optimization g
=)
Description <

B Prior Distribution % 6-
Integral Only S

B Micro Only rﬂ 4 -
B All experiments =
s All (Neglect ND) g

B All (Integral unc reduced) ‘g 2 -
o

LM b I
My(1) ry(2) rv(3) r(4) Normalization
Parameter
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Results

Bayesian optimization

Description
Prior Distribution
Integral Only
Micro Only
All experiments
All (Neglect ND)
All (Integral unc reduced)

Posterior u = 30, eV / A.U.
N

[

(1) r(2) rv(3) r(4) Normalization
Parameter

UNIVERSITE
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Results

Bayesian optimization

8 _
Description
Prior Distribution 61
Integral Only
Micro Only

All experiments
All (Neglect ND)
All (Integral unc reduced)

Posterior u = 30, eV / A.U.

(1) r(2) rv(3) r(4) Normalization
Parameter
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Results

Bayesian optimization

8 _
Description
Prior Distribution 61
Integral Only
Micro Only

All experiments
All (Neglect ND)
All (Integral unc reduced)

Posterior u = 30, eV / A.U.

(1) r(2) rv(3) r(4) Normalization
Parameter
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Keff sensitivity to ND library

Nuclear data fles were processed at relevant temperatures (1300 K for fuel, 650 K structural materials)
Reference library JEFF-3.1.2. Replacement per isotope or whole data set

Update of INDEN (higher statistics) + JEFF-3.3 and ENDF/B-VIII.0

300
« Results of Cr (all isotopes) are
200 confirmed
100 * Individual Cr isotopes became
l consistent, so that sensitivity to all is

linear combination of individual

_ * Negative effect of all structural
200 - materials is even more pronounced in
case of ENDF/B-VIII.O

-300
INDEN  Overall, INDEN and ENDF/B-VIILO
-400 - *IJE iFDFIQ?BSVIII 0 provide lower k4 that reference JEFF-
— 3.1.2 while JEFF-3.3 results in highest
B0 T T e e v 9 5 0 3 3 5 = Keff

50Cr
52Cr
53Cr
54Cr
all Cr
55Mn
54Fe
S56Fe
57Fe
all struct
160
235U
238U
239Pu

SCI‘; cen ‘ SCK CEN/S 1904887
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A0 Initial Sample (6:) ‘(

b

Methodology

Metropolis-Hastings algorithm

Lb

1. Start from a random starting position 6 Prior Distribution p(8) _ (( _
Posterior Distribution P8y

2. Propose new position 8’ by sampling from lognormal distribution centered in 6

n(6') o(6]6")
"m0 (0'|9)

3. Accept or reject new position: «(6'|8) = min (1

(') . . . . . . .
. n((é?)) Is ratio of unnormalized posterior distributions
Likelihood x prior (normalizing constant cancels in ratio) 4

* If reject 2 propose another position
4. Sample many times until stationary distribution is reached

Stationary distribution = target distribution
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A5 Cr-53 capture cross section (MT=102)

3.5 4

Results

2.5 1

2.0

Cross section (b)

* Surrogate integral measurement
* Vary the first I, width (4 keV)

1.5 1

1.0 1

0.5 A

® For 2 Crltlcallty eXperlmentS % o 2000000 4000 5000 6000 7000 8000 9000 10000
Energy (eV)
* Sensitive to Cr-53

1.005 -
1.000 -
0.995 -

5
~£ 0.990 A

0.985 A

0.980 +

0 2 4 6 8 10 12 14

Gg (E=4 keV)
SCI{ cen m e e SCK CEN/100617371 International Workshop On Nuclear Data Evaluation for Reactor Applications (WONDER-2026)
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Cr-53 thin

0.0025 A

Results

0.0015 A

Capture yield

0.0010 A

* Microscopic measurement: nTOF
* Vary the first I, width (E=4 keV) g :

0.0000

° Calculate Chl_squared oNn measu rement 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

Incident neutron energy (eV)

cr53_thin - Varying: Gg0

= GP Mean
1400 4 95% ClI
o Training Data
1200 A
1000 A
2 800 -
5
o
600 A
400 -
200 ~
0 -
0 2 4 6 8 10
ry(E=4keV), eV
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Sensitivity to Gg (PMI002)

keff

0.99720

0.99700
0.99680
0.99660
0.99640
0.99620
0.99600
0.99580
0.99560
0.99540
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Introduction

Validation on integral experiments

« Well-known benchmarks

* Calculate C/E:
* Critical assemblies
 Pulsed spheres
» Shielding benchmarks

* Inverse modelling to provide feedback
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* Nuclear data evaluation process -

« Multi-step process
* Evaluation =» Bayesian approach
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Experimental observables

I, >>1,
* Transmission At thin < 8L, gl
£ =0 assignment o T T T T
scattering radius t,thick 8ln 8Llnly
= gl,,T gl I,
i A, ihin € Lol gl
* Reaction r,thin g
I
Higher sensitivity for weak resonances
g Y grn ) rr
sclicen m El}'gg::‘E:ES SCK CEN/100617371 International Workshop On Nuclear Data Evaluation for Reactor Applications (WONDER-2026)

44
ISC: Restricted



Copyright © SCK CEN

PLEASE NOTE!
This presentation contains data, information and formats for dedicated use only and may not be communicated, copied,
reproduced, distributed or cited without the explicit written permission of SCK CEN.
If this explicit written permission has been obtained, please reference the author, followed by 'by courtesy of SCK CEN'.

Any infringement to this rule is illegal and entitles to claim damages from the infringer, without prejudice to any other right in
case of granting a patent or registration in the field of intellectual property.
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