International Atomic Energy Agency

Simultaneous Evaluation of Fission
Cross Sections Based on EXFOR
Library

N. Otsuka
IAEA Nuclear Data Section

O. lwamoto, T. Nakagawa

JAEA Nuclear Data Centre )



Nuclear Reaction Chain Problem (Reactor)
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Nuclear Reaction Chain Problem (Stellar)
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http://www-nds.iaea.org/

IAEA Neutron Cross-Section Standards

NEUTRON CROSS-SECTION STANDARDS, 2006

http://lwww-nds.iaea.org/standards/

An TAEA Nuclear Data Section Initiative

This is a collection of data for standards cross sections and related quantities. The data are provided in different
formats readly usable. Some information on the evaluation procedures are found in the reference [1]. Additional
information is provided in reference [2] and in the other sections of this website (see Documents and Reports pages).

Neutron Cross-section Standards

| Reaction | Neutron Energy Range
| 2002-2005,/06
1987
| | ENDF-6 Format | Free text Format
| H(n,n) |1. keV to 20 MeV |1. keV to 20 MeW |S:C§|_CIQ 1_H_001.endf |n|:|t available
3He(n,p) ||0.0253 &V to 50 kev ?iggii‘;;;feg? keV 5td-002_He_003.endf |not available
SLi(n,t) |0.0253 eVto 1 Mev |[0.0253 eV to 1 Mev |[std-003_Li_006.endf ggig_d_tgft?i'?_'—_'__}i‘%:
0.0253 &V to 250 tandards-10B -
108(n,a) oy 0.0253 eV to 1 MeV |std-005_B_010.endf i—g—a}géf-ar-fgi----fne-'-
10g¢n,a1y) E'E":'fﬂ EVto 230 0.0253 eV to 1 MeV ||std-005_B_010.endf Eiaggi?; .dt.}'f;él.@.a.—.’la.l..
C(n,n) ||uptc 1.8 MeV :EJSteldau A RE2 T std-006_C_000.endf ||not available
0.0253 eV, and 0.2 to|[0.0253 eV, and 0.2 to I - standards-
Aulny) |20 2.5 MeV std-079_Au_197.endf 19740 xs-data.txt
0.0253 e\, and 0.15 |[0.0253 e\, and 0.15 standards-235U_xs
235 ; i y standards-23aU_xs-
u(n,f) to 20 MeV to 200 MeW _SI:_d_ 5]_'51;___'.__]___%3!5_.121‘1@15 d_E_'i_:‘?_t}it
238yy(n,f) |[threshold to 20 MeV ||2 to 200 MeV std-092_U_238.endf 3%&:;;1_:15%(1_5_-_2_3_8_@___};5__

He(n,p)

1 keV - 20 MeV

SLi(n,t)

0.0253 eV - 50 keV

1°B(n,a)

0.0253 eV to 1 MeV

10B(na G1Y)

0.0253 eV to 1 MeV

natC(n,n)

105 eV to 1.8 MeV

197Au(n, y)

0.0253 eV, 0.2-2.5 MeV

235U(n,f)

0.0253 eV, 0.15 - 200

2%U(nf)

MeV
2 to 200 MeV
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LiveChart of Nuclides
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Experiment, Evaluation and Applications

Experimental cannot be directly used for applications.

EXFOR T ,
ranspo
ENDF Reactor X
calculation
JENDL constant (MCNP)
~ etc. etc.
Processing Appllcatlon
Theory % ﬂ%i

Optical model
Statistical model
etc.

N.Otsuka: ISINN-20, Alushta, Ukraine



EXFOR - Experimental Data Library
(Search)

Experimental Nuclear Reaction Data (EXFOR)

Database Version of A{Prll 27,2012
Software Version of 2012.05.02 Old interface is [here]

2012/02 Improvements and extensions:
1) Automactic data re-normalization (optional: for plots and output data only) [video]
2) Web-ZWWiew plotting: clipboard copy/paste
2011/12 Search in CINDA (+MNSR) if data not found in EXFOR
2011/10 Web-ZWView plotting: output PS and PDF files
[+ [History]
FOR library contains an extensive compilation of experimental nuclear reaction data. Meutron reactions have been compiled

1atically since the discovery of the neutron, while charged particle and photon reactions have been covered less extensively.
The library contains data from 19407 experiments (see statistics and recent updates).

Target (U-233)
lequest Examples:i]2|345/g7]... _
&W/ ¥ Opti Reaction (n f)rofthe day:

. “ Optio )
B video-guide
Target (¢ |U-233) /y»./‘é{“ﬂl‘::r 7
|nf

Dri |, reaetion Quantity (cs)

Reaction
Hlantiy @ — I B Feedback and User's Input
d Clone Request:

Product [ * cinpa | ENDF |

Energy from - tol | eV vI »
Author(s) [~ » Programming:
2ublication year [ 1380-2012 > V. Zerkin

Accession # [ »

http://www-nds.iaea.org/exfor/

o 0 vp’ \
N.Otsuka: ISINN-20, Alushta, Ukraine 8 International Atomic Energy Agency ;\’//
2012-05-25 V4




e
EXFOR - Experimental Data Library (Result)

Seea: [selected] [unselected] datasets

92-U-233(H,.F)
ESFOR Request: 327371, 2Z01Z-May-19 18:34:36
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e
Contents of EXFOR Library

« "All" (1932~) neutron beam data (9,800 experiments)

« Selected charged-particle beam data (e.g., 3,800 exps for

proton)
» Cross section, differential cross section, fission yield etc.

« More than 60 journals regularly canned by IAEA for new
Inputs.

nf. Proc. (150 experiments) .

ISINN Conf. Proc. could be more
valuable if all articles are available
on the ISINN web page!

N.Otsuka: ISINN-20, Alushta, Ukraine International Atomic Ener Aagenc




EXFOR Compilers in the World
(Nuclear Reactlon Data Centres - NRDC)

EXFOR Compilation Workshop
(May 2011, Vienna)

14 centres from 8 countries and 2 international organisations
(China, Hungary, India, Japan, Korea, Russia, Ukraine, USA, NEA, IAEA)

Coordinated by IAEA Nuclear Data Section

- ¢ £
N.Otsuka: ISINN-20, Alushta, Ukraine |nternatlona| Atom|c Ener A enc @ Vv
2012-05-25 1 9y Agency Y 3




Frank’s IBR-2 Data (1988) in EXFOR Library

Nuclear Data for Science and Technology (1988 MITO),

FAST PULSED REACTORS FOR NEUTRON PHYSICS EXPERIMENIS

I.M.Frank, V.I.luschikov and E.I.Sharapov

Laboratory of Neutron Physics, Joint Institute for Nuclear
Research, Dubna, Head Post Office Box 79, 101000 Moscow,
USSR

Abstract: Fast pulsed reactors IBR-2 and JBR-30 are in routine use in the Labx
tory of Neutron Physics, JINR, Dubna. Their today characteristics and performar
are reported. The IBR-2 in use for condensed matter research is mentioned. Some
results of nuclear physics experiments conducted during the recent years at the
IBR-30 reactor working with a linear accelerator as an injector are reviewed.
The fields of research under discussion are : p~wave neutron resonance spectros
and parity nonconservation; differential scattering cross sections and p-wave 1
tron strength functions; cascade Y -transitions and peculiarities of the nucle:
structure; prompt ¥ -ray yields characteristics of the U=235 fission induce
by resonance neutrons.

(neutron sources, pulsed reactors, polarized neutrons, parity violation, neutre
scattering, strength functions, gamma-ray spectrum, nuclear structure, fission
gamma-rays, fission fragments)

17Sn+n resonance
parameters at 1.33 eV
measured at IBR-2.

SUBENT
BIB

TITLE
AUTHOR
INSTITUTE
REFERENCE
FACILITY
METHOD
ENDBIB
NOCOMMON
ENDSUBENT
SUBENT
BIB
REACTION

ENDBIB
DATA
DATA
EV

1.33

ENDDATA
ENDSUBENT

gln =0.166 (30) micro-eV

395~ 398, Copyright © 1988 JAERIL.

41008001 900426
10 10
FAST PULSED REACTOR FOR NEUTRON PHYSICS EXPERIMENTS
(J.M.FRANK, V. I .LUSHCHIKOV, E.. I . SHARAPOV)
(4ZZZDUB)
(C,88MITO, ,395,8805) DATA TABLE IS GIVEN
(REAC) REACTOR IBR-2

(TOF)
10
0 0
13
41008002 900426
1 3

1(50-SN-117(N,0), ,EN)
2(50-SN-117(N,EL), ,WID, ,G)
3(50-SN-117(N,TOT), ,WID)

S
5 1
1DATA 2DATA-ERR 2DATA 3DATA-ERR 3
EV EV EV EV
1.66E-07 3.0E-08 1.80E-01 1.8E-02
3
15

(0.138 micro-eV is a current recommended value.)




Cross j%ection (bharns)

Major Evaluated Neutron Reaction Data

I lﬁhl'l\il'l;'\lf‘

JEFF-3.1.2 Europe 2012 29+x
ENDF-B/VII.1 USA 2011 423 190
JENDL-4.0 Japan 2010 406 95
CENDL-3.1 China 2009 240 5+x
BROND-2.2 Russia 1993 121 2+x
| EWDF/B-UIT.1:U-235 o

. —— JEHDL-4.8: qu235

1.3 _-<> 1991 Johnzon | l |
| O~ 1991 Kalipin “}; ‘?‘yﬂn:iu

| - 1988 Johnsonis B g L = ﬁ"'&,

1987 Rabyl .%;,! %

1984 ‘-'!."‘1'“-"
EETIEE

1 1 Evaluated cross sections
"4 and their uncertainties

1.1
!
235U(n,f) cross section
» 2z s s http://www-nds.iaea.org/endf/
Incident Energy (Mel)
5 . v‘,/ \
?‘2&;{1&(53_-2'53;"”\"20- Alushta, Ukraine 13 International Atomic Energy Agency Y @ }’



“Target Accuracy” for Energy Application

Table 30. ADMAE: uncertainty reduction requirements

R e p 0O r.t fro m O E C D needed to meet integral parameter target accuracies

N E A Uncertainty (%)
Isotope | Cross-Section Energy range " Required
_ Initial — @

(\Mp&g SG36 ) ISBN 978-92-64-99053-1 i=1 i1

TWEET- Pu38 Ofiec 6.07 - 0.498 MeV 20 3 3

v 1.35-0.183 MeV 7 3 3

Pu239 Teape 498 - 203 keV 12 4 3

Intarmational Evaluation Co-operation Tinel 6.07 - 0.498 MeV 25 5 6

Ceapt 183 - 67 4 keV 14 (3] [i]

Pu240 Oics 2.23 - 0498 MeV 6 2 2

VoLvMmE 26 v 1.35 - 0.498 MeV 4 2 2

UNCERTAINTY AND TARGET ACCURACY Pu241 Ocape 135-0. !83 MeV 20 7 7

ASSESSMENT FOR INNOVATIVE SYSTEMS USING Faiss 6.07MeV-226eVE| 15 | 2| 2
RECENT COVARIANCE DATA EVALUATIONS Pu2d? Geapt 24.8-9.12 keV 35 10 | 10

~ Ogss 6.07 - 0.498 MeV 20 4 4

Deapt 498 - 0.454 keV 6 3 3

.. rjm P‘ip;; :fg; :’;ﬁﬁg_}’w o Np237 Ogss 6.07 - 0.183 MeV 8 2 2

of the NEA Nuclear Science mgg Oinel 2.23-0.183 MeV 25 > 6

Deapt 135 MeV-0454 ke | 8§ 2 2

Ofies 6.07—-0.183 MeV || 10 1 1

Amal v 6.07-135MeV || 2 1 1

Finel 6.07—0.183 MeV I 25 4 3

N e 4 NS A E TT oA vl ] ~ -

ADMAB: Accelerator driven minor actinide burner

Evaluated data must be provided with their uncertainty
information - variance (standard deviation) and covariance.

N.Otsuka: ISINN-20, Alushta, Ukraine 14 International Atomic Energy Agency \\/4‘ }l
-05- [N




!ISSIO" !I’OSS !ecllon

Experimental and Evaluated Data Library

1 e\ém . 100 keV
Evaluated T T T T :
data: [ thermal 241Am(n,f) cross section |
ENDF, “F T w region resonance -
JENDL b region fast neutron

region

Cross section (b)

Target accuracy for ADS
in 180 keV to 6

_ MeV

m41n*" I 113"“ I IIZIFE I 10° 10? I ”_UI IJI %_(Cqmﬂﬂ()%

Neutron energy (eV)

N.Otsuka: ISINN-20, Alushta, Ukraine



Section

Theoretical description adopted in evaluation for JENDL-4.0 library

Transition to a state
R, . above the fission barrier (Hill-Wheeler)

WA T8 [t 2leT)
/ JO 1+ ex;{— 275 _V_g)
. ho

p
V,hew :fitting parameter

— —



D
Model Calculation v.s. Least-Squares Fit

L) B L B RALL BN LE LALY NS LLLY BENLLELE LAY
een i i ) A Seeger+ ('67) -
— k/leoadS;S(:GaL:?.r?CFgcgﬁ'\EA)A ) EF Pomatkins oo1) T
, 4 E.F.Fomushkin+ ('81)
=219 2mAm(n,f) cross sectioli IVT D (59
= ’ v ) ]
= +  J.C.Browne+ ('84) 7 In JENDL-4.0
S _ . V¥Gamimov- (s | evaluation, least-
2§ ~ B IFursovs (97 squares analysis
g 107} . U cemmont (s was adopted when
O i ¢ T.Kar (0D) 1 enough
[ (g .| number of
- | ﬂ“ bRt e experimental data
10° Lot o vt By, A T T R I RPN PP are available.

10? 10° 10* 10° 10° 10’

Neutron Energy (eV)
O. Iwamoto et al., PHYSOR 2008 Conf. Proc.




Availability of Experimental Data for
Fission

y JE:;.‘L;:LJ.G:L;-:s_s ' | |

235J(n, f)

Cross Section (barns)

Incident Energy (MeV)

Fission:

Many data in experimental data library (EXFOR),
(even for minor actinides — Np, Am, Cm.)
Suitable for least-squares analysis.

Cross Section (barns)

—
<

—
=
R

—

—
<
||||I;~:l T

o Exp. data

Eval. data

R B JIEINIDIi.ji.D:U-IH

17235 ABS). ]

b

104

1077

(c.f. few experimental data for capture, scattering etc.)

N.Otsuka: ISINN-20, Alushta, Ukraine
(2012-05-25)

18

¢
International Atomic Energy Agency ‘\’Si@)

Incident Energy (MeV) \

Evaluated

by model
calculation
(no exp. data)

N
#//

12

\\,’L



S
(Conventional) Least-Squares Method

Existing evaluated cross section (before experiment, prior)
*Existing evaluated cross section O,q A0, 4

*Probability to find the true valueas o P_,,(0) = exp [- (0 - 0,4)?/
(A0 ,4)%]

New experimental data for a quantity y

*New experimental data for quantity Yexp T AYexp

*Relation between y and o (model) y =f(o) (y=o0ois also
possible.)

-Likelihood to have y,,, under o P(Yexpl0)= €Xp[~(Yex,— f(0))?
[(BY exp)?]

Probability distribution P, u pdﬂt{by Bayes’ theorem (posterior)
new(o) C- P(yexplo) Pold(o) exp{ [(yexp f(O'))ZI (Ayexp)2 T (O' 0.old) /

l(ésﬂﬁ!lﬂ)\lhl}0| AIushta| Ukraine |I ‘llil|i||ili| 'I'i|i iiili" 'iili" ﬁ ﬁ‘i



D
Generalized Least-Squares Method

Chi-square to be minimized:
X2 = [(Yexp' f(()'))2/ (AYexp)2 + (O' - O'°|d)2/ (Aoold)Z]

when the uncertainties are uncorrelated between exp. data points.
Example: Counting statistics

But Correlated sources also exists:
Example: Sample mass weight (constant of one exp. data set)
Generalized least-squares method
Covariance matrices instead of variances to consider correlations:
(AT, 4)* — Voig and (Ay,,,)* — U

exp

N.Otsuka: ISINN-20, Alushta, Ukraine



mpact o

ovariance

orreiation) on

Evaluation
C=[A0(E ) Ao, (E;) ]/ [ AOi(Eq) Ao (Er) ] <1

covariance

C~0: weakly correlated, C~1: strongly correlated

DOMINATING CORRELATION
ERROR MATRIX
1
i1
STATISTICAL ( : : : . )
(Uncorrelated source dominant) 11 1 11
L
91
NORMALIZATION -:.:191
(Correlated source dominant) 29991

MEASUREMENTS/ EVALUATION

o I Exp-old
u L —Eval
e Exp-new
T por [
g !
I
X

W.P. Poenitz, INDC(USA)-85, p249 ('15981)
Separation to uncorrelated (~statistical) and correlated (~systematic)
uncertainties by experimentalists is essential for evaluation.

N.Otsuka: ISINN-20, Alushta, Ukraine




O
Correlation between Target Isotopes

Ratio measurement with 23°U fission cross section:

= [N/Nyz35] - [Nya3s/N] - O35
N: count, n: sample atom number, G ,55: 23°U(n,f) standard cross section
(known)

This procedure makes correlation between two fission
d sample

reactions. - /
Note: ‘:‘; g i :ﬂi 5
The standard value may be updated.

(e.g., IAEA standard 1987, 2006.) ‘ ' e
But ratio is free from standard update,

more SUItabIe for evaluatlon' n TOF PPAC flssmn measurement

C. Paradela et al., Phys. Rev. C82(2010)034601

| | | ¢ 4N
N.Otsuka: ISINN-20, Alushta, Ukraine 22 International Atomic Energy Agency \\/4‘ }l
-05- [N




Least-Squares Analysis (Summary)

Cross sections
and covariances
before update

Cross sections
and covariances
after update

v

Ooiar Vold O View
NeW experimental O-new — O-old +\/r1eth U;;p(yexp o CO-old)
data and covariances
Vnew = (Vo_I(] + CtU;)ZpC)_1
Yexp’ Uexp
co N
oo

—



EXFOR Data for JENDL-4.0 Fission

Evaluation

233(Y 233(/235(
235 17 238( /233 1
238( 9 238(J/235( 18
239Py 16 239Py /235U 14
240|:>u 4 240Pu/235U 1 2
241Py 6 240Py/239Py 1

241Py /235 4

Six actinide fission cross sections and their ratio were
simultaneously evaluated.

Least-squares analysis code SOK developed by T.
Kawano (LANL) was used.

. ¢ ALY
N.Otsuka: ISINN-20, Alushta, Ukraine |nternat|ona| Atom|c Ener A enc \‘ Vv
(2012-05-25) 24 gy Agency b

2 L



(JENDL-4 0 23U fission)

U(n,f) cross section

2.4 ——— ——
JENDL-3.3 —— 3.0 S
ENDF-BNVIL.O ———

22 F SOK(+-1c) mm— 25

' ~ 20 AR

2 b ) : o1 0N

_ 5 15 Uncertainty~ 0.5%! 7
sl G 4 |

t 0.5

ETT B IR TETT B R R =

0.0

16 |
\ 4 6

10*  10° 10

Cross section [b]

14 Energy (eV) -
B - ]
1.2 —
1 -
0.8 e e
10° 10° 107

Incident Neutron Energy [eV]

ﬁ



Example of Evaluated Correlation Matrix
(JENDL-4.0 #°°U fission)

100

Neutron energy

Neutron energy

AR
International Atomic Energy Agency \’Si@ ;\f’

’'4
N\



Correlation Matrix (JENDL-4.0 6 actinides)

| . . . 100
PU-241
i L - 80
Pu-240 _
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Summary

EXFOR: Essential resource to perform neutron cross
section evaluation (and many other nuclear reaction
studies...).

Simultaneous evaluation of major actinide (U, Pu) fission

cross sections and covariances by least squares fitting for
JENDL-4.0.

Too small uncertainty (~0.5%)? Insufficient information on
correlation? (cross-measurement correlation?) The current
uncertainty may or may not be underestimated.

More correlation information should be added to the
EXFOR library in collaboration with experimentalists. Vv@

ternational Atomic Energy Agency \ P
Nl

(‘.



Example Ol Evalualea Eross !eC!IOH !a!IO

(JENDL-4.0 233U fission/?*°U fission)
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