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Extended pathways search
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Pathway = path + loop(s)

Finds reaction/decay chains "
|dentifies important :
= Nuclides oo
= Reactions o e
= Decays

Used for uncertainty and sensitivity calculations

Pathways

4
-0

oo

\V,

path

loop

pathway

Simple previous approach could fail through combinatorial

explosion



Pathways — single visit tree

Authority

1 2

3 4 5 6 7 8 9 10 11
8 1 5 6 4 6 2 5 9 3 7 7 8 510 12

2 5 8

Adjacency lists

 tree search gives reduced p-d set

 pruning controlled using
» path_floor
» loop_floor
 max_depth

« TENDL library
3873 nuclides, ~240000 reactions 15 62 3 7
* ~160,000 p-d pairs (57/nuclide)
* single visit breadth-first search BFS
typically < 50 p-d (parent-daughter)

Single visit BFS tree for nuclide 1



Pathways

build full tree for reduced p-d set e e
leaf node if

» repeat nuclide (loop) Ag l 1/\2 1/\2 zl 1
= path inventory below path floor nuclide 1 to 4 path edges
= path depth greater than max depth

combine paths and loops

control keywords
"= UNCERTAINTY (path floor, loop floor,
max depth)
= SORTDOMINANT (topxx)
= TOLERANCE (absolutetol path,
relativetol path)

full tree with pruning

= ZERO
. paths: 154 1854 12854
LOOKAHEAD loops: 1541 545

= PATHRESET



Standard pathways calculation

I Authority

* Initiated by ZERO keyword
 Combined topxx from dominant lists
* May miss late cooling time dominant nuclides

* Some typical ‘fixes’ to increase the depth of the simulation
for more demanding simulations:
* Reduce path floor (prune fewer pathways)
* [ncrease topxx (more dominant nuclides)
» Use LOOKAHEAD (finds dominant nuclides at late times)
» Use PATHRESET (re-calculates pathways at requested time)
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Pathways with LOOKAHEAD

 LOOKAHEAD causes two-pass cooling:

« at ZERO, integrate cooling steps to get late time dominant
nuclides

* merge additional dominants with dominant list at ZERO
* use merged list in pathways calculation



Pathways with PATHRESET

A Authority

« Save dominant list at ZERO, ie the end of irradiation

« PATHRESET in cooling phase:
» At PATHRESET keyword, check for new dominant nuclides
* [f no new dominant nuclides, do nothing
» |[f found, redo pathways calculation with current dominant list

« PATHRESET In initialisation phase
= Same as PATHRESET at all cooling steps



Example: dose rate for SS316

Authority

« standard cases show late cooling time underestimates
uncertainty; 25% at 1-10 years cooling

Dose Rate percentage uncertainties

30%

25% 20 dominants M
- .
£ 5 dominants
‘® 20%
B lookahead + 5 M
(8]
c
2 15% pathreset + 5 M
-1s]
L)
=
g 10%
[0
(a

5%

—o-
0% @&— & B 2
1.00E-004 1.00E-003 1.00E-002 1.00E-001 1.00E+000 1.00E+001 1.00E+002 1.00E+003
Cooling time in years
—@— standard, topxx=20 —@— standard, topxx=5 lookahead, topxx=5

pathreset, step 2and 6 —@— pathreset in intialisation
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Verification & Validation

Basic physics



Verification & Validation Overview

 For a nuclear observables code like FISPACT-II, V&V
takes several forms:

= Comparison of nuclear data inputs against experimental data in a
variety of forms

= Consistency of nuclear data where no or limited experimental
data is available

= Completeness of the nuclear data to avoid error-by-omission
(common and extremely problematic issue)

» Checking code results against expected values and consistency
of data handling between inputs

= Validating code results against experimental data
10



FISPACT-II and libraries are subject of
various validation reports:

CCFE-R(15)25 Fusion decay heat
CCFE-R(15)27 Integral fusion
CCFE-R(15)28 Fission decay heat
UKAEA-R(15)29 Astro s-process
UKAEA-R(15)30 Rl/therm/systematics
UKAEA-R(15)35 Summary report

Validation of FISPACT-lI
Decay Heat and Inventory
Predictions for Fission Events

Integro-Differential Verification and
Validation, FISPACT-1l & TENDL-2014
nuclear data libraries

General validation

Maxwellian-Averaged

| Cross Secti for

kT=1 keV to 100 keV, KADONIS,
TENDL-2014, ENDF/B-VII.1 and
JENDL-4.0u nuclear data libraries

#CCFE

Decay heat validation, FISPACT-Il &
TENDL-2014, JEFF-3.2, ENDF/B-VILY
and JENDL-4.0 nuclear data libraries

URARAR15) 2

Probing experimental & systematic
trends of the neutron-induced
TENDL-2014 nuclear data library

Summary of TENDL-2014 Verification
& Vaidation outcomes and
recommendations for future libraries

11



i, e Verification and Validation V&V

Typically these are divided into differential & integral:

« Differential

» C/E with the latest EXFOR database
= C/C with other ENDF'’s files
» SACS: Statistical Analysis of Cross Section

* Integral

= Activation-transmutation; activity, gamma, decay heat

« FISPACT-II validation suite (~500 reaction rates, thousands
of integral E, time dependent, fast system)

» MACS and RI: Maxwellian-averaged cross sections and
astrophysical reaction rates, resonance integrals

» Decay heat and inventories predictions for fission events
12
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Nuclear data V&V

 ldeally we need differential (mono-energetic) measurements
for cross-sections over all channels, energies

Cross section (b)

10000

1000

100

0.1

i Carlson1978 = Iwasakil988 Mostovayal 980
Carlson1978A001 = Iyer1969 Mughabghab2006
Carlson1983 = Jandel2012 = Muradyan1977
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Weston1992
White1965
Williams 1944
Williams 1944 A001
YanWuguangg1975 ]
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0.01 0.1 1 10 100 1000

Energy (eV)

10000

100000

1 | |
13
1x10° 1x107



%4 | UK Atomic

RN Reality about data

BRI | Authority

 But there are some 2800 nuclides with half-life above 1s and
each with many reaction channels —

» Very few are known well
= Many have little or zero measurements

* Regardless of data, we often are required to generate
simulation data for some application, 2 options:
» [gnore the problem and the channels using some legacy file
which doesn’t contain the reactions

» Use a technological library (TENDL) which contains the best
available data

« FISPACT-II uniquely handles all TENDL data, but this requires
more complex probing than simply checking against
differential experiments y



Validation — decay heat

Authority

 Integral cross sections are inferred from post-irradiation
measurements such as gamma-decays or calorimetric data

Beta Heat
—  Gamma Heat
T FNG Coammna Host . : T
B3  Beta heat at ECUf-half for uclide— * B TENDL-2014 B
Ciamma keat 21 ECf<hal{ for muclide + S = sy . ENDE-B/MVILL
JENDL-4.0
& JEFF-32
- .F FNS 2000 Inconel-600 ——
é‘ value/t-half for muclide
=
e )
= 1LOEQT |
=
E;
= Ty =i
ar =
b - B2
ad =
, L " . . LOE-08 | a,
10 100 1M | DaaH) | DD
Time after irradiation (s)
1 1 1000 TN
Spectroscopic heat from ENEA |
Time after imadiation (s)

FNG campaign

Total heat calorimetric
measurements from JAEA

FNS campaign
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| Multi-faceted validation

« The best approach is to use multiple experiments from
different systems, covering int. and diff. experiments

lﬁ'ﬂl!" {t]-]::']' 1-?‘{'[5"[‘.1 é? TEKDL I fosd ——
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i e e i e
9.‘!&0 1o e B LI Jomaor
- Energy {eV)
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I~ i i

Spectrum >100 MeV Total heat FNS D-Be gammaexp 16



Multiple-pathway issue

Authority

« Often the measured nuclide can come from multiple reactions,
or the heat may come from multiple radio-nuclides

» Must de-convolve the experiment using simulation and pathways
analyses (invalidating some experiments!)

Product Pathway(s) o
Tal82 W1k n,p) Tals2 104 - OK for total, not
WIENn,p) Tal32om{IT) Tala2 41.3 : :
WIEN np)Tal 220l T) Tal 8 2m (IT) Tals2 aT “ for ISOmMeric
WIEHn,d)Talz2 18
SedT TodT i ) ScdT 41.2
T:I-L"-:[[:IL.:LiIJ:I:‘:I.'JT 50 TOO COnVO|Uted fOF
H“E[;E;*; N experiment to isolate
V51{n, na)Sed7 5.4 Sc47 as a product
Inll7 SnllT{np)Inll? BT
SallT{n,p ol i Tm{ITnll7 1.5
Snll&{nnp)Inii7 6.0 .
Sul18(n,d)nl17 31N Because minor paths
SaldWnapCdll Tm(b-)Inll7 (.0 have some data we

may use this for
dominant pathway

17



Number of reactions

Integro-differential summary

Well-known libraries: ENDF/B-VII.1, JENDL-4.0u, JEFF-3.2 do
not contain at least 1/3 of reaction channels

TENDL-2014/15 outperform EAF, are complete and do not rely
upon hand-modification — allowing predictive capability

TENDL2014 =23
EAF 2010 =T

BT T S Sl et o R et e I vt et s = =
ECOCNCZ SR RRERYERAE SRt ddddtd il b Al g A
R R R i b - R R s L R R e

e e s R e = S

C/E values

Number of reactions

&

" JENDL-4.0 (340 less than 0.1) =3
ENDF/B-VII.1 (276 less than 0.1) =—=

N JEFF-3.2 (262 less than 0.1) /—3

~

_________________ wi g oed o

C/E values
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Non-threshold reactions

* Neutron capture and many other reactions are exothermic,
allowing the reaction at any incident energy

* These reactions possess resonance structure which often
determines reaction rate (aside from thermal spectra systems)

Either the resonances have been measured, we statistically

resolve them or (in non-TENDL) we get unphysical straight

lines...

Microscopic cross section (b)

10°

Kr085 (n,y) TENDL-2014 kT=0 keV

JENDL-4.0 kT=0 keV

kT=30 keV — — -
kT=30 keV —-— ]

10°
Energy (eV)

19



s-Process for V&V

Authority

« Stellar nucleosynthesis offers an alternative (or complement)
for resonance features

* Neutron capture is integral to element distribution in universe

Abundance (Si=10%)
1
D=y
L]
& =
i ,:r. _jdpiﬂ
A

1044, I g 5 Kr ] -
1% r Br | =
10” . . Se [] f< | BRI
0 100 200 ﬂs %, ’ “
Mass Number Ge |8 N —
E fa . —————
1]] 1 L A b L R o e ey
Cu "'N “» L_,_.._: =
N [] . ‘*,h N =
Co —
Fe F —  r-Process Region
*Fa
Seedfor  s-Process s-Branchings
s-Process  Reaction ( ©Ni, ®se, ®Kr, ...)

Path 20



Nuclear data & KADONIS

 The KADoNIS database includes some 357 nuclides over 11
Maxwellian-averaged temperatures for RR comparison

TENDL-2014 kT=0 keV -- - - - ' ' ' ' '
kT=5 keV
] kT=30 keV : .
o' | KT—80 keV L s emosey]  Broadened cross-sections
_ : ' : h
= s i ' |
E 10 g
3 SNAE £
g NN LR g
2 ||:} ! '.: 1 i': N |§ -
= SRR 2
g 107 v R 15
3 oK z 109
E .l 4 : T ] T K T
1 TENDL-2014 - inter - - -
3 ' TENDL-2014 - maxway -—--
107 F E F ENDF/B-VII. 1 - maxwav
T JENDL-4.0 - maxwav
S TENDL-2014 - FISPACT-II ®
I(}—l I 1 L L 1 |_ I I A ﬁ“"‘-__ KADoMNIS *
107! 10° 10! 107 10° 10 10° 108 107 = , A ~3
- . = 10 F I
Energy (eV) g i —t
= T~
§ hi‘kﬁ'#‘-.
@ :-_"::- [
g ¥l
2 =
%
2 972
-
W
Temperature-dependent
averaged Cross-sections o , , ,
2 5 10 30 100

Temperature (keV)



S KADONIS feedback

* About 20% of the channels are not in ENDF/B and JENDL,
although TENDL of course includes all

« TENDL based on intelligent ‘stealing’ of best resonance
parameter descriptions, so at least as good as legacy libraries

o
o
-

TENDL-2014 =3
JENDL-4.0 (68 targets missing) ]
EMNDF/B-VIL1 {65 targets missing)

Mumber of 30 keV MACS
iy A ‘g

i

<1

ol e

[

<1/ 155 12 1 2 5 =10 22
C/E values



No experiments?

I Authority

* For those without experiments, we can perform verification,
consistency checks and look for outliers in global systematics

« Afew options have been considered:

» Use legacy systematics which were chi-square fitted to existing
data (wary of extrapolation outside relevance)

» |dentify sensitive quantities and check trends

= Probe any/all quantities and identify outliers

23



Global C/S systematics

* For example, (n,p) systematics for EAF were compared, here

at 14 MeV

Z {mumber of protons)

120

100

gD

&0

40

20

I 1 I 1 I

(n,2p) dominates p-
rich, not in systematics

F=52

20 40 60 &0 100

N (number of neutrons)

120

140

| &0

180

10

Fd
Ratio of (n,2pW{n,p) 14 MeV cross sections

=

10
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Global trends

« Trends (here in total) help find programming glitches after
various effects (shell, high-energy resolved resonances, etc)
have been taken into account

Cross section at 2 MeV (b

9

&

@ !-IL'I“

o 4N TENDL-2014 total cross sections for Z <8 »
3L|,,1 B =20
=t W=7 <28

W<7 <50 o

a ¥, S0=f =R =
i [l i 1 EZE'EI

20 40 60 &0 1) 120 140 160 |80
M (number of neutrons) 25
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61 | Erory Conclusions

B | Authority

« For activation-based studies, complete nuclear data is
required to prevent extreme simulation errors

 Where data exists, FISPACT-Il and the nuclear data libraries
have been tested

» | egacy libraries fail in many scenarios, but TENDL offers
complete simulation with predictive power

« UKAEA have performed extensive testing of TENDL against
experiments covering a variety of systems/regimes and
against systematics

* For application-specific studies, direct comparison of code
outputs and observables is the best validation — see next

26
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Verification & Validation

Applications
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Erorgy JAEA FNS Assembly; decay heat

Authority

14 MeV neutrons are generated by a 2 mA deuteron beam impinging on
a stationary tritium bearing titanium target; Fusion Neutron Source

Z Element Form Z Element Form
101 ; . . ; . . 9 |Fluorine CF2 46| Palladium Metallic Foil
11 [Sodium Na,CO3 47|Silver Metallic Foail
L Posl 1.135E+10 ;J i 12 Magn.m.ium MgO . . 48 Cac.lmium Metall?c Fo?l
Pos? 1.116E+10 13 /-\Igmlnlum Metall!c Fail 49 In_dlum Metallic Foail
N  Pos3 1116E+10 LT 14 |Silicon Metallic Powder [80|Tin Sn0O,
10 I A . 15 |Phosphorus  P3Ns 51| Antimony Metallic Powder
- ——  Pos7T1.050E+10 o 16 |Sulphur Powder 52|Telurium  TeO,
E° F T b 17 [Chlorine C2H,Cl; 53|lodine 1CgH4OH
£ T il . 19 |Potassium K,CO3 55|Caesium Cs,03
E 105 IE e B 20 |Calcium CaO 56|Barium BaCO;
E Foe T 21 [Scandium Sc,03 57|Lanthanum LayOs3
= —J f ' 22 |Titanium Metallic Foil ~ [58|Cerium Ce0,
% - o 23 |Vanadium  Metallic Foil  |59|Praseodymium PrgO1
= T ' 24 |Chromium Metallic Powder |60{Neodymium  Nd2O3
107 i ! 25 |Manganese  Metallic Powder 62| Samarium Sm,03
oo ' - 26 |lron Metallic Fail 63| Europium Euy03
Alloy|SS304 Metallic Fail 64|Gadolinium Gdy03
) Alloy|SS316 Metallic Fail 65| Terbium TbsO7
) 27 |Cobalt Metallic Fail 66|Dysprosium  Dy,03
“’1"(-)_3 o : 0 : o : 5 — Alloy|Inconel-600  Metallic Foil  [67|Holmium Ho,03
Energy (eV) 28 |Nickel Metallic Fail 68|Erbium Er,03
. Alloy|Nickel-chrome Metallic Foil 69| T hulium Tmy03
29 (Copper Metallic Fail 70|Ytterbium Yby03
30 |Zinc Metallic Fail 71|Lutetium LuyO3
31 |Gallium Gay03 72|Hafnium Metallic Powder
FNS Neutron spectra, neutron fluence % |Germanium  GeO; 73 Tentalum  Metallc Foil
. 33 |Arsenic As;03 74| Tungsten Metallic Foil
monltored by 27A|(n ,a)Na24 34 |Sdenium Metallic Powder |75|Rhenium Metallic Powder
35 |Bromine BrCgH4COOH [76/Osmium Metallic Powder
37 |Rubidium Rb,CO3 77|Iridium Metallic Powder
. . 38 [Strontium SrCO3 78|Platinum Metallic Foil
. 39 |[Yttrium Y203 79|Gold Metallic Foil
TWO experlmental Campalgns 40 |Zirconium Metallic Foil 80|Mercury HgO
. I 41 |Niobium Metallic Fail 81| Thallium TI,0
1996 and 2000’ 74 materlals 42 |Molybdenum Metallic Fail 82|Lead Metallic Fail
44 |Ruthenium  Metallic Powder [83|Bismuth Metallic Powder
45 |Rhodium Metallic Powder

28



JAEA FNS Assembly: decay heat

e | Authority

WHOLE ENERGY ABSORPTION SPECTROMETER

PMT 120 x 100mm  X-Ray Shield

Hamamatsu R877-01 Larae BGO Cobper (5mm
(K-free type) Sci%tillator +AI<):'|?yI ((5mm))

O/ O O O

Q0O 0O 0O

wwmmw

Lead Shield Irradiated Sample
Detector Support (29 X 25x0.01 mm)

for both beta- and gamma-rays

{ Detection Efficiency ~ 100 % ]

29



Decay power: FNS JAERI Cr

Authority

random-walk uncertainty FNS-00 5 Min. Irradiation - Cr

1E+01 5 :
: FNS Experiment x
JEFF-3.2 ————-
: - JENDL-4.0 -
Y ENDF/B-VII.L1 ——
_ 1E+00 4 % TENDL-2013 ———
(@)) ]
§ Product Pathways T, Path% E/C
=1 V52 Cr52(n,p)V52 3.7/m 981 0.98
= 53 Cr53(n,d+np)V52 - 19 0.98
2 1E-01 - V Cr49 Cr50(n,2n)Cr49 41.9m 1000 1.82
5 : X
O 34
5 1
T
1E-02 S
7]
1E-03 - . - - - - -
0 10 20 30 40 50 60

Time after irradiation [minutes]



Times FNS EXP. 5 mins

TENDL-2013

Decay power: FNS JAERI Cr

ENDF/B-VII.1 JEFF-3.2 JENDL-4.0

in. uW/g MW/ g E/C E/C E/C
0.58 [1.68E+00(*/-8%) 1.76E + 00 // -25% 0.9 0.87 0.87 0.84
0.85 |1.58E+00|+/-8%|1.66E+ 00|+ /-25% 0.95 0.87 0.87 0.84
1.10 {1.51E+00|+/-8%|1.58E+ 00|+ / -25% 0.96 0.87 0.87 0.84
1.37 |1.44E+00|+/-8%|1.49E+ 00|+ /-25% 0.96 0.88 0.88 0.85
1.62 (1.37E+00+/-7%|1.42E+ 00 [+/-25% 0.96 0.87 0.87 0.85
2.05 |1.26E+00+/-7%|1.30E+ 00 [+ /-25% 0.97 0.88 0.88 0.85
2.65 [1.13E+00|+/-7%|1.15E+ 00|+ /-26% 0.98 0.88 0.89 0.86
3.27 |1.00E+00|+/-7%|1.02E+ 00 |+/-26% 0.98 0.89 0.89 0.86
413 |8.53E-01|+/-7%|8.64E-01|+/-26% 0.99 0.89 0.89 0.86
5.25 |6.95E-01|+/-6%|6.97E-01|+/-26% 1.00 0.90 0.90 0.87
6.35 |5.67E-01|+/-6%|5.66E-01|+/-26% 1.00 0.90 0.91 0.88
7.93 |4.26E-01|+/-6%|4.20E-01[+/-26% 1.02 0.92 0.92 0.89
10.03 (2.90E- 01|+ /-6%|2.83E—- 01|+ /-26% 1.03 0.93 0.93 0.90
12.15 |1.98E-01|+/-6%| 1.90E- 01 [+ / -26% 1.04 0.94 0.94 0.91
15.23 |1.16E—-01|+/-6%| 1.08E- 01|+ / -26% 1.08 0.97 0.98 0.95
19.33 |5.70E—- 02|+ /-6%| 5.06E - 02|+ / -25% 1.13 1.02 1.02 1.00
23.43 |2.88E- 02|+ /-6% | 2.38E - 02|+ / -24% 1.21 1.10 1.09 1.09
27.55 |1.56E- 02+ /-6%|1.21E- 02|+ /-22% 1.29 1.18 1.16 1.19
34.68 (6.98E- 03|+ /-6% |4.37TE—- 03 |+ /-17% 1.60 1.50 1.43 1.62
44.75 (3.28E- 03|+ / -6%| 1.80E—- 03 |+ / -17% 1.82 1.76 1.58 2.18
94.82 [2.21E- 031+ /-6%) 1.32E- 03+ / -18% 1.67) 1.62 1.44 2.10
Product Pathways T4/o Path % E/CAE%
V52 Cr52(n,p)V52 3.7m 98.1 0.98 7%
Cr53(n,d+np)Vv52 1.9 0.98 7%
Cr49 Cr50(n,2n)Cr49 41.9m 100.0 1.82 6%
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Random walk uncertainty

Decay power: FNS JAERI

FNS-00 5 Min. Irradiation - Ni

1E-01 - :
- FNS Experiment x
] JEFF-3.2 ————-
o JENDL-4.0 -
ENDF/B-VII.1 ———
_ ' TENDL-2015 ——
§ Product Pathways T, Path% E/C
3 Co62 Ni62(n,p)Co62 1.5m 99.8 0.90
':' Cc_>62_m Ni62(n,p)Co62m _13.9m 100.0 0.89
8_ 1E-02 - missing path, but also metastable longer lived
5 ]
O -
i
I
1E-03 - . . . T T
0 10 20 30 40 50 60
32

Time after irradiation [minutes]



Decay power: FNS JAERI Ni

Times FNS EXP. 5 mins TENDL-2013 ENDF/B-VII.1 JEFF-3.2 JENDL-4.0
Min. pnW/g MW/ g E/C E/C E/C E/C
0.58 |4.11E-02(F/-6%7) 4.90E-02/4/-22% 0.82\ 0.79 0.79 1.04
0.83 |4.38E-02|+/-6% 4.55E- 02|+ /-22% 0.96 0.94 0.4 1.23
1.08 (4.18E- 02|+ /-6% 4.24E- 02|+ /-21% 0.99 1.00 1.00 1.30
1.33 |3.71E-02|+/-6% 3.95E- 02|+ /-21% 0.94 0.99 0.99 1.29
1.58 |3.35E-02|+/-6% 3.70E-02[+/-21% 0.90 0.99 0.99 1.29
2.02 |2.95E-02|+/-6% 3.32E-02|+/-20% 0.89 1.05 1.05 1.35
2.62 |2.56E-02|+/-6% 2.89E-02|+/-20% 0.89 1.17 1.17 1.49
3.22 |2.20E-02|+/-7% 2.55E-02|+/-20% 0.86 1.27 1.27 1.60
4.07 (1.84E-02|+/-7% 2.19E-02[+/-21% 0.84 1.46 1.46 1.82
5.17 |1.53E-02|+/-7% 1.86E-02|+/-22% 0.83 1.79 1.79 2.16
6.27 |1.37E-02|+/-7% 1.63E-02|+/-23% 0.84 2.22 2.22 2.60
7.88 |1.19E-02|+/-7% 1.39E- 02|+ /-24% 0.86 2.85 2.84 3.15
9.95 [1.04E-02|+/-8% 1.20E-02|+/-24% 0.87 3.44 3.42 3.57
12.05 (9.32E - 03|+ /-8% 1.06E - 02|+ /-24% 0.88 3.59 3.62 3.59
15.15 (8.02E - 03|+ / -7% 9.02E - 03|+ /-24% 0.89 3.40 3.44 3.40
19.25 |6.58E - 03|+ /-7% 7.47E-03|+/-24% 0.88 2.99 3.01 297
23.32 |5.54E - 03|+ /-7% 6.29E - 03|+ /-23% 0.88 2.62 2.64 2.59
27.42 |5.00E - 03|+ /-7% 5.39E - 03|+ /-22% 0.93 243 245 2.39
34.48 (3.92E - 03|+ /-8% 4.27E- 03|+ /-22% 0.92 1.96 1.97 1.92
44.58 |3.00E- 03|+ /-8% 3.29E- 03|+ /-23% 0.91 1.54 1.55 1.50
54.68 |2.58E - 03\+/-8% 2.72E-03\+/-24% 0.95) 1.35 1.36 1.31
Product Pathways Tq/2 Path % E/CAE%
Co62 Ni62(n,p)Co62 1.5m 99.8 0.90 6%
Co62m Ni62(n,p)Co62m 13.9m 100.0 0.89 7%
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Decay power: FNS JAERI

FNS-00 5 Min. Irradiation - Nb

When you do not account 1802 7 FNS Experiment
for isomer production & PNy
Channels 1 - — - E_'I_\I'_IDRE_/\I%-_\’{II\L} ¥
g 1E-03 {  “"Nb
: .
The responses are missed 2
entirely ! S
% e
FNS-00 5 Min. Irradiation - Ag 1E-05 T T T T .
1E+01 1 . 0 10 20 30 40 50 60
] FNS EXJpé,r:'E gné[ . Time after irradiation [minutes]
ENJDEFle?-I\_/ﬁ:(l) —
_ 1\ TENDL-2015 ——
= Hunt for the isomers, the
g 1E+00, 7 short lived...
O ]
$ .
Most are lost in seconds,
o minutes...
109
1E-01 T . T . T . r . ' .
0 10 20 30 40 50 60

34
Time after irradiation [minutes]
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Time: 0.00 seconds

Decay power simulation with FISPACT-I]

10
Total Decay Heat (kW/kg): 0.0 10 . .
y e g)Cu T e T e Ta el FNS-00 5 Min. Irradiation - SS316
29 | s6 | 57|58 |59 |60 |61 | 62|63 | 64| 65] 66 1E+00 - .

Ni | Ni | Ni | Ni | Ni | Ni | Ni | Ni | Ni | Ni | Ni | Ni| Ni ] FN?&%TI_'?&”; -

28 | 53 | 54 | 55| s6 | 57| 58 |59 |60 | 6 | 62| 63| 64 | 65
o~

Co | Co | Co Co Co | Co | Co Co | Co Co Co Co | Co B

27 [ s2 | 53 | 54 |55 |56 |57 |58 |59 |60 |61 | 62]63]| 64 = i{i
X

Fe Fe Fe Ee Fe Fe Fe Fe Fe Fe Fe Fe Fe '\%/ § E4

26 | 51 | 52 | 53 | 54 | 55|56 |57 |58 |59 | 606l |62|63 - =1 28, %
< = z

Mn Mn Mn Mn Mn Mn Mn Mn Mn Mn Mn Mn Mn B = _ . E3

25| 50 | 51 [ 52| 53|54 |55 56|57 |58 |59 (60| 61| 62 10" &) £ 1E-01 - 3
. : “Tor T er e | or O ] = s 56

Cr Cr Cr Cr Cr Cr Cr Cr Cr Cr Cr o * M
24 | 49 | 50 | 51 | 52 | 53 | 54 | 55| 56| 57 | 58| s |36 37 %" 5 B £ 3

VIiv] v Vv ]| Vv ][ V][V |v]v]Vv]Vv O
231 a8 | 49 | 50 | st | 52| 53| 54| 55| 56| 57 | s8 é—’ 53,/

T | Ti | T | T | | T | T | T | T
22 | 47 | a8 | 49 | 50 | 51 | 52 | 53 | 54 | 55 | 34 35 -
21 Sc Se Sc Sc Sc Sc Se 32 33 1E-02 i T T T T T

46 47 48 49 50 51 52 0 10 20 30 40 50 60

Z 25 26 27 28 29 30 31 1o Simulation time [minutes]

N————>»

=CCFE

M.R. Gilbert & J.-Ch. Sublet CCFE-R(14)21 JAEA FNS Decay hear validation
M. R. Gilbert et al., "Inventory Visualisation techniques” Nucl. Sci. Eng (2014)

Simulation of SS316 irradiated in JAEA FNS
m - metastable state(s) > 50%
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w Energy FiSSion decay heat

Fhed | Authority

« Fission provides a convoluted system to simulate — including
1000+ radioactive fission products

* Fission can be handled as a independent or cumulative
quantity, as post-prompt neutron or equilibrium (reactor)

» FISPACT-II can process either depending on application, but
handles full decay for all products, eliminating benefit of
cumulative

« Post-irradiation decay heat is a well-measured quantity for
various fissile nuclides, including spectroscopic heat
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Template

« Example: liquid-He boil-off calorimetry for LANL OWR

irradiation of various samples

J—‘___I%
§I
|
lf”
Eﬁ

L LY il il AR, #

j
)
9
i

/
\ REACTOR

CORE

GRAPHITE

BERYLLIUM

COOLING WATER
FISSION CHAMBER

:-—LEFE—_
1 PORT ——MODERATOR —

Fig. 2.

Facility used for sample irradiation. The facility is located in one of the 152-mm-diam ports
of the 8-MW QWR. The part walls are made aof aluminum. The fission chamber adjacent to
the sample was used to control the reactor power during irradiation.

|\ aeuum

Wacuum

U

Inner wall
ot dewar

e —— — e = m m——

Active portion of the boil-off calorimeter.
Radiation from the sample was absorbed in the
copper block and was used to evaporate liguid
helium from the reserveoir in the top of the
block. Heat leak into the copper block was
prevented by the vacuum jacket and the outer
helium bath.

o1



Yarnell & Bendt U233 simulation

et | Authority

« Simulation of 5.5 hours thermal irradiation using full
independent yields, followed by cooling periods below. Note
measurements from 10 s cooling up to ~1 day.

]ﬂ —-L:I I 1]
o : l 1
:_ 1
8 | I]I 1
—~ T} ) 11 I
= |
ﬁ " I I x [
';-"'-:_ [V o : . II °
..: "-x_‘ o I .ll
E‘E 5L “H Il HI"-I x30 |
= x X 1
i I I
i ¢ sl !
E ?W‘VI“;[‘ I I
| 1y 3 b
1k III~ I Ill[ i
ENDE/B-7.1 nFY+DD - - - - S . Iix
JENDL-4.0 nFY+DD - I \
1+ JEFF-3.1.1 nFY+DD — - — - - ~
GEF-4.2 nFY +UKDD-12 e | T
o L . Yamell total F—— o . o e TEm—r
10 100 1 000 10000 100000
Time {5}

Figure 38: Total decay heat from thermal 2E4s irradiation of 2317 38



Fission pulse

Authority

* A near-theoretical case is the fission ‘pulse’, which is idealised
as a infinitesimal irradiation, built from re-normalised finite

1.6
10 s Irradiation = = = =
1: 5 Drradiaton
10 & Drradiation
14 F 106 & Irradiation - — -

1060 & Irradiation
Burst Function ——
Dickens total ———

0E |-

0.

ey heat {Me Y iission)

04

Minuies Hiwrs Drays

n --:J i 2 | L 2 | L " | L " | L "
1 ] 1 1ono (TELEL 1 CHOMCHNR

Time (5)
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V&V: Decay heat following a thermal pulse

Comparison between libraries for U235 total and gamma
contributions to decay heat - note gamma deficiency

ENDF/B, JENDL
include TAGS
to correct y heat

FISPACT-II can track
all nuclides for
iIn-depth study

Contribution to DH
needs for v + TAGS

Decay heat (MeV/fission)

U235 t-pulse Total + Gamma Decay Heat

ENDF/B-7.1 nFY+DD ——

JENDL-4.0 nFY+DD =

JEFF-3.1.1 nFY+DD ——
GEF-4.2+UKDD-12
Tobias

Dickens +——

Lowell ——

1 10 100 1000 10000 100000
Time (s)

40




Decay heat (MeV/fission)

Decay heat (MeV/fission)

12

08

06

0.4

02

UK Atomic

Energy
Authority

ENDF/B-7.1 nFY+DD ——
JENDL-4.0 nFY+DD ——
JEFF-3.1.1nFY+DD ——
GEF-4.2+UKDD-12
Tobias
Dickens ———
Lowell ——

N
N\,
LN
I .
.
S ~- N
.
-
. . . . . .
0.1 1 10 100 1000 10000 100000
Time (s)

Top (left to right): thermal U5, P9, P1 total and gamma heat
Bottom (left to right): fast U3, U8, P9 total and gamma heat

Decay heat (MeV/fission)

Standard pulse simulations
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1
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Note Pandemonium still in JEFF-3.1.1 for gamma (3.37)
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Beta decay heat (MeV/fission)

Total decay heat (MeV/fission)

UK Atomic

Energy
Authority

Befa decay heat (MeV/Tission)

1E+01
ENDF/B-7.1 nFY+DD - - - -
~ JENDL-4.0 nFY+DD
e JEFF-3.1.1nFY+DD — —
. GEF-4.2 nNFY+UKDD-12
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.
1E-03 | \
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-
.
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1E-05 I I I I I I
10 100 1000 10000 100000 1x10° 1x107
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Non-pulse simulations
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Uncertainty for benchmarks

For these benchmarks, fission yields and decay data are being
tested (and the code). TMC sample nFY for uncertainty

Heat output

(MeV /fission/s) x time

(%)

= mmeE
e O O 00 o OO
LAR R ol i LA Ak

Uncertainty

*DOI: 10.1016/j.anucene.2016.05.005

~
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UK Atomic

Data comparisons

* By permuting the input data, we can also probe where
differences in evaluations exist and contribute

Th232 Dominant Gamma Heat Nuclides at 10s
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LWR simulation validation

« Collaboration with PSI, using modern CASMO-SIMULATE to
compare inventory predictions for variety of assemblies:

= BWR and PWR with mix of UO2, MOX, Gd
» [ncludes Takahama, Atrium-10, TMI-1, Beznau
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LWR assembly simulations

Authority

« Added 586 CASMO data for ENDF/B-VII.1, with CALENDF
PTs for self-shielding. Applied to major actinides, but can in
principle apply to any nuclide

« Left: U8 capture RR and SSFs Right: U5 fission RR+SSFs

Note: CASMO 586 treatment of <10 eV requires no SSFs! No so for >10 eV,
where significant SS occurs and must be accounted for.

13

SS factor [PT 00 MT 301] U238 (n,y) —— SS factor [PT 00 MT 301] U235 (n,f) =—
Spectrum in CASMO-586 ——— Spectrum in CASMO-586 ———
Unshielded 586 RR U238 (n,y) — - — Unshielded 586 RR U235 (n,f) - — - -

1 1.2

1 11

4 01

-
Self-shielding factor (o4 / o)

. 4 09

Neutrons/RR per unit lethargy (arb. norm.)
Self-shielding factor (o4 / Gjnf)
Neutrons/RR per unit lethargy (arb. norm.)

“14 08

1 1 1 1 1 1 1 1 1 0 X 01 1 1 1 1 1 L L
102 100 10° 10t 102 10®  10*  10°  10° 10 100 102 100 10° 100 10° 10° 10 10° 10
Energy (eV) Energy (eV) 46
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Following the majors

 In all examples, normalisation using POWER keyword of
FISPACT-II (normalising flux based on full Kerma) to
CASMO power density, converted to W/cc.

» Ratios are to CASMO simulation, following the spectra
changes over 40 GWd/te, below: BWR MOX simulation

1.07

1x10%

’8\ T T
U-238 FISPACT-II U-235 FISPACT-Il = - 2 U-§§4 —
o Pu-239 FISPACT-II AM-241FISPACT-Il = — | &  1.06 |- 3'232 -
E 15108 F  Pu-240 FISPACT-II U-234 FISPACT-Il = = | & pooas
P Pu-241 FISPACT-Il = =  CASMO simulations O 105l ph
£ s : Pu-§40
z 22 | 7 PU-241 ——
g b S 104 | Am-241
g 21 2 —
S 1x10* ¢ = 1.03
2 =
= 3)
2 1x10% - T g 10
5 | % 1m
Z 19 [ i P
z P / g = .
= > T - ;
§ 1X1018 E E s 0.99
< 1 e
1x10Y : : - - - . - g 098
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
Burnup (GWd/THM) Burnup (GWd/THM)
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Not your typical LWR simulation

* Unlike legacy codes, FISPACT-II uses all independent yields
and decays to follow every nuclide
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LWR assembly UQP

 Ability to handle technologically-generated TALYS, GEF(Y)

Z (number of protons)

In next chapter: Total Monte-Carlo Uncertainty methods
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Coupling
FISPACT-II
covariance
UQP for
reaction rates
with TMC we
can provide
coupled
uncertainties:

— From unc. of
fissions and
production of
fissionable
nuclides

— From unc. in
fission yields

— And the
coupled nFY
+ RR unc.

Heat output after irradiation (kW/kg)

FISPACT-IIl RR + nFY UQP

Takahama SF97-1 after 45 MWd/TU

I Sampled mean heat after |rrad|at|on I
10° k TMC nFY ———
ENDF/B-VII covariances
Coupled
101 b
10-2 ;\/\\/\—/
Band's x10 for
visualisation
-3 ! . ! . ! . 1 1
10
107 10" 10° 10* 10° 108

Time after irradiation (s)

10

Relative uncertainty (%)

0.1
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FISPACT-II Verification & Validation

« Validation of FISPACT-Il and its nuclear data libraries through
multi-faceted effort covering a variety of code applications

« Each of the following completed (November 2015):
v’ Detailed analysis of fusion total heat measurements done at JAEA/FNS
v" Validation of all existing integro-differential activation experiments
v Simulation of complete set of material properties under irradiation

v’ In-depth simulations of fission decay heat with break-down of
nFY/decay/spectroscopic analysis

v Massive validation against library of integral data from integral
resonance, astrophysics and fission sources + statistical verification

» See CCFE-R(15)25,26,27,28 UKAEA-R(15)29,30,31,32,33,35

http://www.ccfe.ac.uk/fispact validation.aspx

« No comparable system has undergone equivalent V&V,
weathered proof 51



UK Atomic

it FISPACT-II &TENDL-2015

« 2809 targets (H' to FI281)

» Decay data: 3873 nuclides; 24 types
* Cross section, 90 reaction types

* Stables and isomeric states; g, m, n, o,..
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