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Overview of selected INDEN evaluations
56,57Fe, 63,65Cu, and 19F
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Outlook
Fe isotopes (54,56,57Fe)
Cu isotopes (63,65Cu)
Fluorine (19F)

“It doesn't matter how beautiful your theory is,
it doesn't matter how smart you are. 
If it doesn't agree with experiment, it's wrong.”

Richard Philips Feynman, 

Nobel Prize in Physics 1965
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INDEN Fe evaluation

Fe-56 from 850keV up to 4 MeV based on exp. data alone
20-30% leakage underestimation found  

(ENDF/B-VIII.0 updated in 2018-2019, inelastic reduced
-> INDEN, leakage problem solved)

mailto:R.CapoteNoy@iaea.org
http://www-nds.iaea.org/


4 Roberto Capote, IAEA Nuclear Data Section
e-mail: R.CapoteNoy@iaea.org
 Web:    http://www-nds.iaea.org 

INDEN-SM CM, 18-21 December 2023,
IAEA HQ, Vienna, Austria (hybrid)

56Fe evaluation

New measurements 56Fe(n,el) 
E. Pirovano et al, 
Phys.Rev.C99 (2019) 024601

M. Herman et al, Nucl. Data Sheets 148 (2018) 214–253
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New transmission measurement at nELBE
• A dedicated transmission 

measurement on very thick 
target by Arnd Junghans and 
Roland Beyer at the nELBE 
facility was performed.

• The assumption about the cross-
section minima in Fe-56 is not 
supported (black line).

• An alternative solution was 
sought: a deficiency in the Fe-57 
cross sections was identified as 
the major cause of the problem 
(dashed-red line). See the next 
slide.

• Very good agreement with n-
ELBE data was achieved.
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Fe-57 evaluation does not describe Pandey 
(n,tot) data having fluctuations up to 7 barn
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ENDF/B-VIII.0 reproduces RPI     
           measurement above 400 keV
        B/VII.1 high, JEFF-3.3 low
            in 400-850 keV region

INDEN natFe comparison: (n,γ) 600-2000 keV

M. Herman et al, Nuclear Data Sheets 148 (2018) 214–253
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INDEN natFe comparison: (n,γ) near 28 keV

1/v background needed (used in B8)
Direct “s” capture? 
INDEN very close to JENDL-5
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fast HEU 

PMFmcf 

INDEN Fe evaluation: crit. benchmarks

lct 
imf 

hmt 

hmi001 (iron-uranium benchmark), huge 
sensitivity in Fe-56 below the 28 keV resonance
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INDEN Fe/Cr evaluation: SS reflectors

A. Trkov et al, EPJ Web of Conferences 284, 12002 (2023)
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Courtesy of S. Vandermarck, @ JEFF meeting 24-27 April 2023 

(INDEN Fe eval)
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Presented by Greg Fischer, Westinghouse @ miniCSWEG April 2023 

Depends on U-235, water & SS
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 Fe isotopes (IAEA/JSI), fe57e80m, fe56e80X29r41, fe54e80o 
 Cr isotopes, BNL/ORNL/IAEA/JSI/CEA, v2.3.2

INDEN updated “structural” evaluations:
see nds.iaea.org/INDEN/ - Validation

SS neutron leakage 
(Rez, CZ, 11/2021)

M. Schulc et al, Ann. Nucl. En. 179 (2022) 109433
https://nds.iaea.org/INDEN/data/ALARM-CF-steel-SHIELD-001-final.pdf 

This energy region 
sensitive to Ni58(n,p)

B-VIII.0 iron:
-20% leakage
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 Fe isotopes (IAEA/JSI), fe54e80o, fe56e80X29r41, fe54e80o 
 Cr isotopes, BNL/ORNL/IAEA/JSI/CEA, v2.3.2

INDEN updated Fe evaluations:
see nds.iaea.org/INDEN/ - Validation

Stainless steel, neutron leakage (Rez, CZ, 2021/2022)
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Additional iron data, poor JEFF performance below 1 MeV, 
INDEN (B81beta2) is good

30 deg

A. Daskalakis et al
WINS-2023, October 2023, RPI

RPI quasi-diff. test on Natural Iron
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Additional iron data, poor JEFF performance below 1 MeV, 
INDEN (B81beta2) is good

30 deg

A. Daskalakis et al
WINS-2023, October 2023, RPI

RPI quasi-diff. test on Natural Iron
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jefdoc-2269: T. Ligonnet et al (2023)

T. Ligonnet et al, presented at JEFF meeting. November 2023, jefdoc-2269
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PETALE: Fe reflector (preliminary)

“Near thermal” range
Au-197(n,g), In-115(n,g)

Fast range
In-115(n,n’), Ni-58(n,p)

Fast range
Fe-54(n,p), Fe-56(n,p)

T. Ligonnet et al, presented at JEFF meeting. November 2023, jefdoc-2269
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Conclusions - Fe
 INDEN files show very good performance in PETALE, leakage & criticality
 Fe-54 inelastic may be improved.
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INDEN Cu evaluation

Fast evaluation patched, a new evaluation highly desirable
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Integral data hints at data problems
Leakage sensitive to el/inl/total

50x50x50 cm3 Cu cube
Cf-252(sf) source, 
neutron leakage, Rez, CZ

B8 low, JENDL-5
ok above 4 MeV
JEFF-33 bad

252Cf(sf) neutron leakage of a Cu cube 

JEFF-33

ENDF/B-VIII.0

ENDF/B-VII.1
JENDL-4
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Cu: Differential total cross-section data

natCu(n,tot)
JEFF-3.3 bad, TENDL lowish
ENDF/B-VIII.0, JENDL-4, 
ENDF/B-V very good
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RPI quasi-differential experiment (2021)
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RPI quasi-differential experiment (2021)
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RPI quasi-differential experiment (2021)
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Differential XS total cross section data

natCu(n,tot)

ENDF/B-VIII.0 and JENDL-4
            very similar 
B-VIII follows B-V @1-2 MeV
B-V low below 2 MeV  
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JENDL-4

ENDF/B-VIII.0
63Cu(n,el) 65Cu(n,el)

Cu: Differential elastic cross-section data

ENDF/B-VIII.0

JENDL-4

B8 does not agree with elastic EXP data above ~4 MeV
JENDL-4 much better !

mailto:R.CapoteNoy@iaea.org
http://www-nds.iaea.org/


29 Roberto Capote, IAEA Nuclear Data Section
e-mail: R.CapoteNoy@iaea.org
 Web:    http://www-nds.iaea.org 

INDEN-SM CM, 18-21 December 2023,
IAEA HQ, Vienna, Austria (hybrid)

65Cu(n,el) mubar
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63Cu(n,el) mubar
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Differential XS angular distributions

natCu(n,el) 

En=0.05MeV En=0.2MeV

En=0.3MeV
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Differential XS angular distributions

natCu(n,el) DA
  En=0.5MeV

ENDF/B-V the best
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Differential XS angular distributions

natCu(n,el) DA
  En=0.67MeV

ENDF/B-V the best
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Differential XS angular distributions

natCu(n,el) DA
  En=0.72MeV

ENDF/B-V & JENDL-4
the best
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Differential XS angular distributions

natCu(n,el) DA
  En=0.8MeV

ENDF/B-V the best
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Differential XS angular distributions

natCu(n,el) DA
  En=0.9MeV

ENDF/B-V the best
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Differential XS angular distributions

natCu(n,el) DA
  En=1MeV

ENDF/B-V the best
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Differential XS angular distributions

natCu(n,el) DA
  En=1.5MeV

ENDF/B-V the best
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Differential XS angular distributions

natCu(n,el) DA
  En=2.0MeV

ENDF/B-V the best
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Differential XS angular distributions

natCu(n,el) DA
  En=2.9MeV

ENDF/B-V the best
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Differential XS angular distributions

natCu(n,el) DA
  En=3.5MeV

ENDF/B-V the best
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Differential XS angular distributions

natCu(n,el) DA
  En=6MeV

JENDL-4  the best
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Differential XS angular distributions

natCu(n,el) DA
  En=7MeV

JENDL-4  the best
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Differential XS angular distributions

natCu(n,el) DA
  En=8MeV

JENDL-4  the best
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Differential XS angular distributions

natCu(n,el) DA
  En=9MeV

JENDL-4  the best
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Differential XS angular distributions

natCu(n,el) DA
  En=11.9MeV

JENDL-4  the best
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Differential XS angular distributions

natCu(n,el) DA
  En=14.5MeV

JENDL-4  acceptable
ENDF/B-V the best
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ENDF/B-VIII.0

Capture on Cu-63: New exp. data
63Cu(n,γ)

B8 does not agree with 
Weigand 2017, Newsome 2018

INDEN followed those newer 
datasets below 1 MeV

mailto:R.CapoteNoy@iaea.org
http://www-nds.iaea.org/


49 Roberto Capote, IAEA Nuclear Data Section
e-mail: R.CapoteNoy@iaea.org
 Web:    http://www-nds.iaea.org 

INDEN-SM CM, 18-21 December 2023,
IAEA HQ, Vienna, Austria (hybrid)

ENDF/B-VIII.0

63Cu(n,α)

Alpha emission from Cu-63: IRDFF-II

B8 disagrees with (n,α) – probably a model calc.
INDEN adopted the IRDFF-II evaluation (GLSQ fit)
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 Cu isotopes, ORNL/IAEA/JSI (in progress)

INDEN updated “structural” evaluations:
see nds.iaea.org/INDEN/ - Validation

Cu cube, neutron leakage (Rez, CZ)
Schulc et al, Rad.Phys.Chem. 2021

n,γ
discr.

nds.iaea.org/INDEN/data/ALARM-CF-CU-SHIELD-001 

INDEN-2022
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RPI quasi-differential experiment (2021)
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RPI quasi-differential experiment (2021)

Y. Danon, presented at INDEN-SM meeting, 2022
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fast HEU IMF020,022 LCT 
pmf 

INDEN Cu evaluation: crit. benchmarks
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fast HEU (ZEUS) 

INDEN Cu evaluation: Zeus benchmarks

hmi006
hmf072
hmf073
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Conclusions - Cu
 INDEN file that combines ENDF/B-VIII.0 evaluation below 4 MeV and JENDL-4 

evaluation above performs well both in shielding and criticality experiments.
 natCu(nel) angular distributions reviewed vs existing experimental data from 600 keV 

up to 15 MeV:
 ENDF/B-V evaluation fitted to data and shows an excellent agreement below 4 MeV
 JENDL-4 shows good agreement above 4 MeV, but overestimates the data below 4 MeV (this probably 

explains the overestimation of leakage in the Rez benchmark)
 Popov data should be used below 300 keV

Actions:
 Replace angular distributions in the INDEN file by ENDF/B-V (equal to Cu-63,65) 

below 4 MeV
 Improve total below 4 MeV, spectra and DDXS above 5 MeV (adopt from JENDL)
 Check impact on RPI quasi-differential benchmark
Expectations:
 New evaluation in the fast neutron region desirable.
 Important to preserve/improve the achieved criticality performance of ENDF/B-

VIII.0 (JENDL-4) 
 Important to achieve good fusion performance
 JENDL has a good balance, can we improve it?
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19F: Teflon moderated Curie benchmarks

INDEN27d – B8.1β0
INDEN27m – B8.1β0.2 
(changed F-19 and Fe-56)

Curie benchmarks highly
sensitive to Cu and F-19 !!

Cu updated, F-19 = B8

Curie benchmarks

Integral data hints at F-19 data problems
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19F(n,ng)
7Li(n,ng)

19F: EXFOR retrieval and data selection
Broder 
REF Fe !

Broder 
REF Fe !

Dickens 1974

Morgan 1976

Morgan 1976

Morgan 1976
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Morgan 76 data adopted << Broder data

By using Morgan derived INL data (nng x 4pi)
F-19(n,inl) reduced by ~40% from 300 keV

B8 & JENDL-5
followed Broder
  with REF Fe !
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Issues in 19F(n,el) AD below 1 MeV
at forward angles 

Issues in 19F(n,el) AD below 1 MeV
pointed out by our Japanese colleagues
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En=200keV En=350keV

En=450keV En=800keV

INDEN F-19 evaluation (f19e80_zt9)

Elwyn data
fitted

Elwyn data
fitted

Elwyn data
fitted

Elwyn data
fitted

mailto:R.CapoteNoy@iaea.org
http://www-nds.iaea.org/


61 Roberto Capote, IAEA Nuclear Data Section
e-mail: R.CapoteNoy@iaea.org
 Web:    http://www-nds.iaea.org 

INDEN-SM CM, 18-21 December 2023,
IAEA HQ, Vienna, Austria (hybrid)

En=1.090 MeV

INDEN F-19 evaluation (f19e80_zt9)

Check updated INDEN F-19 evaluation  
f19e80_zt9 vs f19j50_zq

Elwyn data
fitted
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En=1.625 MeV

INDEN F-19 evaluation (f19e80_zt9)

En=3.745 MeV

Improved gamma emission in 
updated INDEN F-19 evaluation  

f19e80_zt9
(vs f19j50_zq)
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19F: FLINA 2015 Rez experiment (HFD)
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30.10.-
2.11.2023

28 deg

G. Siemers et al, presented at WINS-2023, October 2023, RPI

RPI quasi-diff. test on Teflon 
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30.10.-
2.11.2023

150 deg

G. Siemers et al, presented at WINS-2023, October 2023, RPI

RPI quasi-diff. test on Teflon 
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19F: Teflon moderated Curie benchmarks

INDEN27d – B8.1β0
INDEN27m – B8.1β0.2 & JEFF-4T2 
(changed F-19 and Fe-56)

Curie benchmarks highly
sensitive to Cu and F-19 !!

Cu & F-19 INDEN

Curie benchmarks

Cu INDEN, F-19 B8 (+1%)

Curie is in the latest ICBESP
See also LCT033 (UF4 with paraffin) performance shown by S. Vandermarck
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19F: Teflon moderated Curie benchmarks

INDEN27d – B8.1β0
INDEN27m – B8.1β1 & JEFF-4T2 
    (changed F-19)

Curie benchmarks highly
sensitive to Cu and F-19 !!

Cu updated, F-19 = B8

Curie benchmarks

Curie is in the latest ICBESP
See also LCT033 (UF4 with paraffin) performance shown by S. Vandermarck

Check also
HST039 !
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Courtesy of S. Vandermarck, @ JEFF meeting 24-27 April 2023 

(INDEN Fe eval)
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Conclusions – F-19
 A new full evaluation using Morgan/Dickens data and Elwyn DA data needed
 Patched ENDF/B-VIII.0 (INDEN) dramatically improved the performance
 RPI quasi-differential data show deficiencies of some resonances 
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Summary and Conclusions
INDEN collaboration is addressing data issues with the following strategy:
 Identify data problems through integral validation and feedback
 Identify underlying data issues in differential data evaluation (sensit)
 Assess available experimental differential data to find alternative solutions 

to improve integral benchmarks
 Update selected experimental data to the latest standards/references 
 A GLSQ fit of available comprehensive datasets is the preferred solution
 If model is available, use model including correlations as prior

“It doesn't matter how beautiful your theory is,
 it doesn't matter how smart you are. 
 If it doesn't agree with experiment, it's wrong.”

 Richard Philips Feynman, Nobel Prize in Physics 1965
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