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And we combine this with nuclear computational simulations!
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* |ntroduction

« Full control over nuclear data + uncertainty propagation +
reactor calculations — 4 stages:

1. Create the best possible nuclear data library: TENDL

2. Validate TENDL against integral experiments and
benchmarks

3. Perform Total Monte Carlo around the central values of
TENDL for uncertainty propagation in reactor analyses

4. Generalize Total Monte Carlo methodology to full core
analyses

 (Conclusions




Automating nuclear science N?\G

Experimental

Nuclear Physics _
Neutronics

Nuclear modeling = Nuclear data libraries —— Processing Depletion

Reactor physics

Theoretical

Nuclear Physics

Road to success:

- Use (extremely) robust software
- Store all human intelligence in input files and scripts
- Rely on reproducibility and quality assurance




Strategy N?\G

1. Create the best possible nuclear data library (TENDL) using:
« Experimental data (EXFOR database)
 The TALYS nuclear model code
* Resonance information (TARES code)

» Pick and choose from existing nuclear data libraries (ENDF/B-VII,
JEFF, etc.)

2. Validate TENDL against open-source integral experiments and
benchmarks:

« |CSBEP criticality benchmarks

* SINBAD shielding benchmarks

* |RPHE reactor benchmarks

» Activation and decay heat experiments

This establishes the central values, i.e. a “normal” nuclear data library.




Strategy N?\G

3. Randomize nuclear data around the central values of TENDL to
perform Total Monte Carlo:

» Obtain exact uncertainties for criticality benchmarks etc.

» Perform reactor/burnup calculations on pin cell and assembly
level including uncertainties

* The ‘Petten Method’: Monte Carlo optimization of nuclear data
4. Generalize TMC methodology to full core calculations

* Generate random nuclear data libraries for PANTHER, CASMO-
SIMULATE, RELAP etc.

« Perform dynamical calculations, transient and thermohydraulics,
including uncertainties

If 1-4 are successful, we have the best central nuclear data values and
the most flexible and exact uncertainty methodology




Safety and sustainability — nuclear data

N3G

Starting point: basic nuclear data for
reactor and fuel cycle analyses have
uncertainties

Required: insight in how uncertainty
of nuclear data is propagated to
nuclear energy safety and
sustainability issues.

Observation: the world is working
hard to yield answers to this within 10-
20 years.

Claim : it can be done faster than that
using TALYS

-~

N

Measurements +
uncertainty

[Nuclear data}

m Download TALYS-1.4!
www.talys.eu

!

¢

Reactor physics
code (MCNP,etc)

{

|

Statical
reactor behavior

Transient
code

Dynamical
reactor behavior



http://www.talys.eu/nieuwspagina/?tx_ttnews%5btt_news%5d=20&cHash=dcc7cc811530a2b870dedf32f8dc0d8b

\
TALYS Evaluated Nuclear Data Library: TENDL-2012 N\G

« Neutron, proton, deuteron, triton, helium-3, alpha and gamma data libraries.
« 2430 targets (all isotopes with lifetime > 1 sec.)

« Complete reaction description in ENDF-6 format: MF1-MF40, up to 200 MeV
«  MCNP-libraries (“ACE-files”), PENDF files and multi-group covariance data

Default: Global calculations by TALYS-1.48 and TARES (resonances)
which are overruled by

Adjusted TALYS calculations (340 input files) and Resonance Atlas-based TARES
calculations

which are overruled by

TALYS-normalization to ~200 (experimental) evaluated reaction channels from
other libraries (e.g. IRDFF, light nuclides, main channels of 235238, 239py)




TALYS NG

* Nuclear model code by NRG Petten, CEA-BRC, UL Bruxelles
* (Almost) Complete nuclear reaction input and output.
Release:
 www.talys.eu
» Latest official version, TALYS-1.4, released december 23, 2011.
Software issues:
« Most used nuclear reaction code in the world
Very flexible in use, robust, and readable consistent programming
300 page manual, 20 widely varying sample cases
TALYS: open source
» 600-800 users worldwide, who give valuable feedback

Nuclear data software around TALYS (i.e. the step to technology):
NRG proprietary



http://www.talys.eu/
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\
Nuclear data libraries for nuclear technology N\G

E. Sartori, Nuclear data for radioactive waste management, Ann. Nuc. En (2013).

Ken Kozier, AECL, IAEA meeting on long-term data needs, 2011

“The TALYS/TENDL system has rapidly evolved to be a likely candidate to form the basis for a
single, global evaluated nuclear data library system. .... In the event that TALYS/TENDL continues
to emerge as an unchallenged global contender, it is recommended that the IAEA provide moral and

other support ...”
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Covariances: example
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High Fidelity Resonances (HFR) NG
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TENDL nuclear data library

Loop over nuclides : TENDL

- .- Randomize parameters

Nuclear data
library

; N times :
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library

A.J. Koning and D. Rochman ,"Modern nuclear data evaluation with the TALYS code system*,
Nuclear Data Sheets, 113, 2841 (2012)
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\
Testing TENDL - Criticality safety: ICSBEP N\G

% International Criticality Safety Benchmark Evaluation Project
v 516 evaluations, 4405 cases (2010 DVD)

» Type of fissile material
v LEU, IEU, HEU, MIX, PU, 233U

% Physical form of fissile material

v" Compound, Metal, Solution,
Miscellaneous

% Neutron spectrum
v" Thermal, intermediate, fast, mixed

g s mnmlmm il \




Criticality safety: leu-comp-therm
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Criticality safety: Na NG
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Shielding benchmarks

«» Oktavian
v LiF, Al, Si, Ti, Cr, Mn, Co, Cu, Zr, Mo, W

% FNS
v Be, C, N, O, Fe, Pb
v" 5 angles

% LLNL

v Li,Be, C,N, O, Mg, AL, Ti, Fe, Pb, D,0, H,0, | “: -
concrete, polyethylene, teflon )

% NIST
v H,0, Cd




\
Shielding example: LLNL, Mg, 0.7 mfp N?\G

10_2 T T T

LLNL Pulsed Sphere, Mg, 0.7 mip Sxperiment ——

1 JENDL-4.0 ——
", ENDF/B-VII1 ——
" TENDL-2012 ———

"y
D|
[#4]

o
A

Counts/nsec per source particle

50%

0%

C/E-1 [%]

-50%




\
“Total” Monte Carlo N?\G

« Propagating covariance data is an approximation of true uncertainty
propagation (especially regarding ENDF-6 format limitations)

« Covariance data requires extra processing and “satellite software” for
application codes

« Alternative: Create an ENDF-6 file for each random sample and finish
the entire physics-to-application loop. (Koning and Rochman, Ann Nuc
En 35, 2024 (2008)

(" “Researchers should cease trving to be clever in devising refinements o
old methods that were developed when computational resources were
limited.

Instead, their creative instincts should be redirected to unleashing the full
potential of computers for brute force analysis”

D. Smith, Santa Fe 2004




\
Automating nuclear reactions: Total Monte Carlo N?\G

Loop over parameters: Total Monte Carlo  _ _ _ _ _ _ _ _ _ ____________
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“1000 x(Talys + ENDF + NJOY + MCNP) calculations for Pb”
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“1000 x(Talys + ENDF + NJOY + MCNP) calculations for Pb”
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“1000 x(Talys + ENDF + NJOY + MCNP) calculations for Pb”
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“1000 x(Talys + ENDF + NJOY + MCNP) calculations for Pb”
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“1000 x(Talys + ENDF + NJOY + MCNP) calculations for Pb”
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“1000 x(Talys + ENDF + NJOY + MCNP) calculations for Pb”
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“1000 x(Talys + ENDF + NJOY + MCNP) calculations for Pb”
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“1000 x(Talys + ENDF + NJOY + MCNP) calculations for Pb”
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“1000 x(Talys + ENDF + NJOY + MCNP) calculations for Pb”
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“1000 x(Talys + ENDF + NJOY + MCNP) calculations for Pb”
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“1000 x(Talys + ENDF + NJOY + MCNP) calculations for Pb”
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“1000 x(Talys + ENDF + NJOY + MCNP) calculations for Pb”
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“1000 x(Talys + ENDF + NJOY + MCNP) calculations for Pb”
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“1000 x(Talys + ENDF + NJOY + MCNP) calculations for Pb”
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“1000 x(Talys + ENDF + NJOY + MCNP) calculations for Pb”
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“1000 x(Talys + ENDF + NJOY + MCNP) calculations for Pb”
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“1000 x(Talys + ENDF + NJOY + MCNP) calculations for Pb”
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“1000 x(Talys + ENDF + NJOY + MCNP) calculations for Pb”
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“1000 x(Talys + ENDF + NJOY + MCNP) calculations for Pb”
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“1000 x(Talys + ENDF + NJOY + MCNP) calculations for Pb”
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“1000 x(Talys + ENDF + NJOY + MCNP) calculations for Pb”
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“1000 x(Talys + ENDF + NJOY + MCNP) calculations for Pb”
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“1000 x(Talys + ENDF + NJOY + MCNP) calculations for Pb”

\
N3G

Atarget
Aeompound
—e—]
n = 800
ay 25 I I I : I,f"_"h.,\
— i kog = 101363
£ 20¢
I Ty I TALYS MCNP g 13}
S}
X
rn 5 Bl
| L | 2::
0 D.EF!ZI- Loo 101 102 1.03- 1.04
F*, k.g value
F————
%

Statistical uncertainty =~ 68 pem

F——— — uncertainty due to nuclear data ~ 740 pcm




\
TMC Application: criticality benchmarks N?\G

] mmJl':l_]-? (gfn%}{:-j
Total of 60000 random ENDF-6 files < 40 |- Kor = 099650 % 157 pom

S 30} 1
Sometimes deviation from Gaussian shape MR

2 10} I
D. Rochman, A.J. Koning and S.C. van der Marck, “

s .. o . (1.955 (0. 549(0) 0.995 10000 1.005
Uncertainties for criticality-safety benchmarks and keff ’

kog value
distributions", Ann. Nuc. En. 36 810-831 (2009). .
é hmIFEM-I fzm_znﬁpb}
] o f} 200 F ke = 1.03530 + 869 pem
Yields uncertainties on benchmarks ! C[. |
g ity
T T T T T T T T T T T TIT T !I T T T T LI I T T ; It] - f" \
=1~ - - ; ; ,
:mLGd g’] L':I natz . nat N o :1zLLFc npti Rl - mat oy, : 5 / I
1.02 b ER- I ] ] Tl
II H { b I l ] 1.02 1.04 1.06
B0k b “IIk 1 i3] J Ly [TH IEH [N 1 I | keat
) iHiIf MR R BT \HH I i I I r I
U.QS'.E 1k E"\ll'".\'_!:':' ﬁ: £ f"-'zm 27 2 :::t:‘lé ﬁ-




\
Pu239 cross sections + uncertainties N?\G
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Optimization of Pu-239 NG

« Select 120 ICSBEP benchmarks

« Create 630 random Pu-239 libraries, all within, or closely
around, the uncertainty bands

* Do atotal of 120 x 630 =75600 MCNP criticality
calculations

* Do another 120 x 4 calculations:

e for JEFF-3.1, v2 = 8.08 % 4 / — 7.2e*
o for ENDF/B-VILO, y* = 0.55e % 4 / — 7.0e—*
o for ENDF/B-VLS, y? =845 % 4 / — 7.2

o for JENDL-3.3, v? = 1.31e % + / — 1.0e3
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SFR void coefficient N?\G

L

,_
L

-
- T
o

A

Mumber of counts/ins

0

KALIMER-600 Sodium Fast Reactor (Korea)
Total Monte Carlo with MCNP
Uncertainties due to Na: D. Rochman et al NIM A612, 374

(2010)

Reduced Chi-square={.215

Kalimer void coeffcient (FNa)
SVR=R02510 055002 %

' Ok e T

[

.Y B0 5.1 5.2
Vioud coetfoient value (5)




Leakage current /lethargy /source particle

TMC for fusion: Optimized Cu63,65 file vs Oktavian:
integral performance

D. Rochman, A.J. Koning and S.C. van der Marck, ~"Exact nuclear data
uncertainty propagation for fusion design", Fusion Engineering and Design
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PWR fuel assembly model \'0:21:26

Based on a Westinghouse 3-loop PWR-design, 4.8 % enrichment in >*U, rods o \
zirconium alloy, 17x17, 4 m in length and 21.5 cm in width, fuel temperature of
930 Kelvin, cladding and moderator at 590 Kelvin, constant boric acid

concentration of 50 ppm. Beginning

—) Of
irradiation

Coolant in blue, depletion
in the lattice is indicated by
a darker color or rods

| Fuel Assembly |

End
0 of
irradiation
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PWR burn-up calculations

D. Rochman, A.J. Koning and D. da
Cruz, "Propagation of 235,236,238U
and 239Pu nuclear data uncertainties
for a typical PWR fuel element"”,
Nuclear Technology 179, no. 3, 323-
338 (2012).
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Conclusions N?\G

« By simultaneously developing and maintaining:
1. A complete modern nuclear data library: TENDL

2. An unprecedented integral validation scheme with integral
experiments and benchmarks

3. A Total Monte Carlo method applied on well-established
Monte Carlo and deterministic reactor codes

4. An extension to full core analyses

complete probability distributions (uncertainties, covariances) for
many reactor and inventory quantities of interest can be obtained.

 Total Monte Carlo: If we can calculate it once we can also
calculate it 1000 times, randomly varying the input.

« Safety, uncertainty, risk and money are equivalent, also in the
nuclear world. Therefore, exact uncertainty propagation will be
beneficial.
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