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Very useful: met class of users rarely interact with —  
the shielding community!



and thank you Wim for 
making me go



Things I took note of

• SINBAD 
• The many users of our electro- and photo-

atomic libraries 
• EPICS problems 
• Fe problems 
• Other data problems



SINBAD
• Introduction to SINBAD—

Tutorial (I. Kodeli) #25448 
• The Future of SINBAD: 

Learning from the Best 
Practices of ICSBEP (J.D. 
Bess, T. Ivanova) #24622 

• New WPEC SG-47 “Use of 
Shielding Integral Benchmark 
Archive and Database for 
Nuclear Data Validation” 
approved 

• 1st target of investigation: 
LLNL Pulsed Spheres
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Fig. 2. New SINBAD benchmark compilations (top FNG-
HCPB, below FNG-Cu). 

 

project of the European Commission and shall be 
integrated in SINBAD database in the near future. Format 
of the SINBAD database was also discussed within 
EGRTS and slight modifications were adopted taking into 
account the experience gained by the ICSBEP and IRPhE 
projects. 

 

II.A. Recent and ongoing SINBAD activities 

II.A.1. Quality review of SINBAD benchmark 

The benchmarks presently available in SINBAD 
were performed at different times in the past, some dating 
back to the 1960-ies and the quality and completeness of 
the experimental data also varies, therefore a thorough 
revision and classification of the benchmark experiments 
according to the completeness, reliability and consistency 
of information was undertaken since ~2007. More than 
half of the SINBAD experiments, among them 17 fission, 
25 fusion neutronics and 10 accelerator experiments, were 
already revised and reclassified. The benchmark 
experiments which already went through the revision 
process are presented in Refs 6-10. The review 

concentrated on the verification of the description of the 
experimental setup, the neutron source specifications, the 
detector characteristics, the geometry and precise material 
composition of the components. The main criteria for 
judging the quality of the experiment are the 
completeness and the consistency of the experimental 
information (on the geometry, materials, the procedure to 
derive data-unfolding, etc.), in particular concerning the 
evaluation of the experimental sources of uncertainty. 
New or improved inputs for computer codes such as 
MCNPX and PHITS were prepared and the sensitivity 
analyses were performed to estimate the impact of the 
approximations used in the computational model. Great 
care was devoted to use all available experimental 
information to produce as exact as possible computational 
model and the experimental procedure (e.g. for Time-of-
Flight experiments the calculation in time domain is 
strongly suggested). 

This review process is expected to provide the users 
with an easier choice and help them make better use of 
the experimental information. 

Several examples of the review of the IPPE, 
OKTAVIAN, FNG and ASPIS benchmarks are presented 
in Refs. 7-9. An updated evaluation of the ASPIS Iron88 
benchmark is under preparation (see Chapter II.B and 
Ref. 11). 

II.A.2. FNG Copper benchmark evaluation for SINBAD 

The database comprises now 102 shielding 
benchmarks. However, the number of benchmarks in the 
database has been fairly stable over the last years with 
very few new data added since the last 10 years. FNG-
Copper benchmark, partly funded by the European Fusion 
Program (Fusion for Energy - F4E) under the Specific 
Grant Agreement F4E-395-01, is one of the first 
evaluation being prepared after a long pause. The 
neutronics benchmark experiment on a pure Copper 
assembly (Ref. 12) was performed at the end 2014 - 
beginning 2015 at the 14-MeV Frascati neutron generator 
(FNG) of ENEA Frascati with the objective to provide the 
experimental database required for the validation of the 
copper nuclear cross-section data relevant for ITER 
design calculations, including the related uncertainties. 
The experiment was the result of the cooperation between 
ENEA Frascati, Karlsruhe Institute of Technology (KIT) 
and JSI within the F4E project.  

A block of Oxygen-free Copper (99.90 wt.%) 60 x 70 
x 70 cm3 placed on an Al support was irradiated at 14-
MeV d-T Frascati Neutron Generator (FNG). 14 MeV 
FNG neutron source was located 5.3 cm in front of Cu 
block of the total weight of 2.2 t. Reaction rates, neutron 
flux spectra and doses were measured at 8 locations inside 
the Copper block  (Figs. 2, 3) using different experimental 
techniques: 197Au(n,J), 186W(n,J), 55Mn(n,J), 115In(n,n’), 
58Ni(n,p), 27Al(n,D), 93Nb(n,2n), 197Au(n,2n) activation 

I. Kodeli, ANS RPSD 2018–20th Topical Meeting of the Radiation 
Protection & Shielding Division of ANS, Santa Fe, NM, August 26–31, 
2018, on CD-ROM, American Nuclear Society, LaGrange Park, IL (2018)  
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The many users of ENDF/B-VIII.0 
electro-, photo-atomic data
• GEANT4  

(POC for e-, 𝛾 transport:  
Maria Grazia Pia, INFN Genova) 

• PHITS  
(https://phits.jaea.go.jp)  
(POC: T. Furuta, JAEA) 

• FLUKA (fluka.org) 
• MCNP 
• PENELOPE  

(POC: F. Salvat, U. Barcelona) 
• Integrated into penORNL  
 

• EGS, obsolete but forked into  
• EGSnrc (https://nrc-

cnrc.github.io/EGSnrc) 
• EGS5 integrated into PHITS 

• ITS (POC: Brian Franke, SNL) 
• SCEPTRE  

(POC: Clif Drumm, SNL) 
• CEPXS (SNL) 
• Method development codes:  

• FRENSIE (U. Wisconsin),  
• P++ (RPI)

https://phits.jaea.go.jp
http://fluka.org
https://nrc-cnrc.github.io/EGSnrc
https://nrc-cnrc.github.io/EGSnrc


Talks that discussed validation 
(mostly of codes, but data included)
• Electron Transport Algorithms in the Integrated 

Tiger Series (ITS) Codes (B.B. Franke & R.P. 
Kensek) # 25576 

• Preliminary Performance Evaluation of P++ Single 
Event Proton Scattering Algorithms on GPUs (K. 
Zieb, G. Xu) #25688 

• Energy Deposition Validation Results for the 
Evaluated Electron Data Library in FRENSIE (L. 
Kersting, D. Henderson, A. Robinson, E. Moll) #25357  

• First Assessment of the New Atomic Data in 
ENDF/B-VIII (M. Grazia Pia)



We need options for validating 
electro- or photo- atomic data
• Shielding 

benchmarks? 
• Lockwood 

energy 
deposition 
experiment 

• Hanson angular 
scattering 

• Tabata charge 
deposition 

• …

electron’s outgoing angle and energy4. The scattering angle
of the incident electron is considered to be negligible and is
ignored. The birth energy of the bremsstrahlung photon is
sampled and the incident electron’s energy is reduced by the
photon’s energy, E�,

Eout = Ein � E� (21)

For the current test purposes, it is assumed that the photon
exits the geometry without depositing any energy locally.

III.C. Electro-ionization Subshell Reaction
Electro-ionization models an electron interacting with an

atomic electron resulting in the ionization of the target atom
and the production of a knock-on electron (delta ray) which
is indistinguishable from the incident electron. By conven-
tion, the electron of highest energy is considered the inci-
dent electron and the lower energy electron is considered
the knock-on electron10. The max energy of the knock-on
electron, Eknock,max, is given as,

Eknock,max =
Ein � Eb

2
, (22)

where Ein is the incident energy of the electron and Eb is the
binding energy of the specific subshell.

The birth energy of the knock-on electron, Eknock, and the
outgoing energy of the electron, Eout, can be calculated by
subtracting Eknock, and the binding energy of the subshell,
Eb:

Eout = Ein � Eknock � Eb . (23)

III.D. Atomic Excitation Reaction
Atomic excitation models an interaction between an in-

cident electron and an atomic electron that results in the
atomic electron being excited to a higher subshell in the tar-
get atom. The EEDL does not provide analog transport data
for atomic excitation but instead provides a table of aver-
age energy loss for incident energy. FRENSIE implements
atomic excitation similar to MCNP6. When an atomic exci-
tation event is sampled the energy of the incident electron is
reduced by the average energy loss and the resulting small
angular deflection is ignored.

IV. THE LOCKWOOD ENERGY DEPOSITION EX-
PERIMENT

The Lockwood experiment was motivated by deficiencies
in the available data of the time. In particular, four deficien-
cies were expressed3:

1. Much of the data was not absolute (i.e. reported some-
thing other than energy deposition) or was arbitrarily
normalized to fit previous data/

2. Infinite rather than semi-infinite geometries were used.

3. There was little data electron energies less than 1 MeV
for non-normal incidence or multi-slab media.

4. The spatial resolution was poor near the surface for
semi-infinite geometries.

Lockwood et al. employed a new thin-foil calorimet-
ric technique that could be used in vacuo, eliminated much
of the shortcomings of previous measurements which used
gas-filled ionization chambers or passive dosimeters. The
report detailed results ranging over source energies of
0.3 MeV to 1.0 MeV, incident angles of 0� to 60�, and target
atomic numbers of 4 to 92. The results were compared to
an early 1D version of the ITS code11.

IV.A. Experiment Apparatus
The experimental apparatus consisted of an electron pen-

cil beam, a front foil, a calorimeter foil, and an “infinite”
plate. The front foil positioned 0.1 cm in front of a calorime-
ter foil and the “infinite” plate 0.1 cm behind the calorimeter
foil. The foils and the plate are all made of the material to
be tested and the entire setup is in vacuum (Fig. 2). A more
complete description of the apparatus can be found in Ref.
3.

“Infinite” PlateFront Foil Calorimeter

0.1

e   beam-

0.1

Fig. 2. The experimental setup of the Lockwood experi-
ment consisting of a front foil, calorimeter foil, and “infi-
nite” plate all of the same material and contained in vacuum.

The calorimeter foil was of an octagon shape with a major
length of 8.255 cm and a minor length of 3.175 cm (Fig. 3).
A thermocouple was used to measure the temperature of the
foil and thereby determine the energy deposition.

The front foil was either a single foil or a stack of two or
more foils. The front foil thickness was varied to measure
the energy deposition as a function of depth in a material.
The measured depth of each data point, xi, is given as the
thickness of the front foil, (�x) f f

i
, plus half the thickness of

the calorimeter, (�x)cal,

xi = (�x) f f

i
+

1
2

(�x)cal, (24)

where i represents the i
th data point.

5

L. Kersting, D. Henderson, A. Robinson, E. Moll, ANS RPSD 2018–20th 
Topical Meeting of the Radiation Protection & Shielding Division of ANS, Santa 
Fe, NM, August 26–31, 2018, on CD-ROM, American Nuclear Society, 
LaGrange Park, IL (2018)  
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Maria Grazia Pia (INFN) presented a 
thorough and critical review of the new 
atomic transport data in ENDF/B-VIII.0
• GEANT4 Physics Developments and 

Validation page (https://www.ge.infn.it/
geant4/index.html) 

• This talk’s content from https://
www.ge.infn.it/geant4/talks/rpsd2018/
datalib.pdf and posted in indico  

• IEEE Trans. Nucl. Sci. (https://doi.org/
10.1109/TNS.2018.2849328).  

• Other papers concerning EADL/EEDL/
EPDL validation published by her 
research group are listed in https://
www.ge.infn.it/geant4/papers/index.html

Maria Grazia Pia

She couldn’t make it to 
CSEWG, but is very  

interested in collaborating 
with us

https://www.ge.infn.it/geant4/index.html
https://www.ge.infn.it/geant4/index.html
https://www.ge.infn.it/geant4/index.html
https://www.ge.infn.it/geant4/talks/rpsd2018/datalib.pdf
https://www.ge.infn.it/geant4/talks/rpsd2018/datalib.pdf
https://www.ge.infn.it/geant4/talks/rpsd2018/datalib.pdf
https://www.ge.infn.it/geant4/papers/index.html
https://www.ge.infn.it/geant4/papers/index.html


Formatting problems with EPICS

Maria Grazia Pia, INFN Genova

Content
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TABLE I
EPDL CONTENT

Physics Data EPDL97 EPICS2014 EPICS2017
ENDL ENDF-6 ENDL ENDF-6 ENDL ENDF-6

Total photon cross section - - - - - yes
Coherent scattering: integrated cross section yes yes yes yes yes yes
Coherent scattering: average energy of the scatterd photon yes - yes - yes -
Coherent scattering: form factor yes yes yes yes yes yes
Coherent scattering: imaginary anomalous scattering factor yes yes yes yes yes yes
Coherent scattering: real anomalous scattering factor yes yes yes yes yes yes
Incoherent scattering: integrated cross section yes yes yes yes yes yes
Incoherent scattering: scattering function yes yes yes yes yes yes
Incoherent scattering: average energy of the secondary particles yes - yes - yes -
Photoelectric: integrated cross section yes yes yes yes yes yes
Photoelectric: average energy to the residual atom yes - yes - - -
Photoelectric: average energy of secondary particles yes - yes - - -
Photoelectric: cross section by subshell yes yes yes yes yes yes
Photoelectric: average energy to the residual atom by subshell yes - yes - yes -
Photoelectric: average energy of secondary particles by subshell yes - yes - yes -
Pair production: integrated cross section yes yes yes yes yes yes
Pair production: average energy of secondary particles yes - yes - yes -
Triplet production: integrated cross section yes yes yes yes yes yes
Triplet production: average energy of secondary particles yes - yes - yes -
Pair and triplet production: integrated cross section - yes - yes - yes

TABLE II
EADL CONTENT

Physics Data EADL91 EPICS2014 EPICS2017
ENDL ENDF-6 ENDL ENDF-6 ENDL ENDF-6

Number of electrons yes yes yes yes yes yes
Binding energy yes yes yes yes yes yes
Kinetic energy yes - yes - yes -
Average radius yes - yes - yes -
Radiative level width yes - yes - yes -
Non-radiative level width yes - yes - yes -
Average energy to the residual atom per initial vacancy yes - yes - yes -
Average energy of particles per initial vacancy yes - yes - yes -
Average number of particles per initial vacancy yes - yes - yes -
Radiative transition probability and emitted particle energy yes yes yes yes yes yes
Non-radiative transition probability and emitted particle energy yes yes yes yes yes yes

TABLE III
EEDL CONTENT

Physics Data EEDL91 EPICS2014 EPICS2017
ENDL ENDF-6 ENDL ENDF-6 ENDL ENDF-6

Total electron cross section - - - - - yes
Large angle elastic scattering: integrated cross section yes yes yes yes yes yes
Large angle elastic scattering: average energy to the residual atom yes - yes - yes -
Large angle elastic scattering: average energy of the scattered electron yes - yes - yes -
Large angle elastic scattering: angular distributions yes yes yes yes yes yes
Elastic scattering: integrated cross section yes - yes - yes yes
Ionisation: integrated cross section - - - - yes yes
Ionisation cross section by subshell yes yes yes yes yes yes
Ionisation: average energy of secondary particles by subshell yes - yes - yes -
Ionisation: spectra of the recoil electron by subshell yes yes yes yes yes yes
Bremsstrahlung: integrated cross section yes yes yes yes yes yes
Bremsstrahlung: energy spectra of the secondary photon yes yes yes yes yes yes
Bremsstrahlung: average energy of the secondary photon yes yes yes yes yes yes
Bremsstrahlung: average energy of the secondary electron yes - yes - yes -
Excitation: integrated cross section yes yes yes yes yes yes
Excitation: average energy to the residual atom yes yes yes yes yes yes

EPDL
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EEDL

Different content 
for different 
data formats

Not trivial to retrieve 
what contains what



Version control issues with EPICS

• Red sent final version in April, well after 
ENDF/B-VIII.0 released. 

• Final version fixes consistency problems 
with binding energies 

• Not reflected in ENDF/B-VIII.0 release 
tarballs nor IAEA page, only EPICS page 
and ENDF/B-VIII.0 Errata page 

• We look like idiots and I’m p*ssed 
• More importantly, users are VERY confused

Maria Grazia Pia, INFN Genova

Reproducibility issues
Inconsistencies between the same data released in ENDF and ENDL format
Inconsistencies between the same data in the same format released in 
different systems, e.g. EPICS2017 and ENDF/B-VIII.0
Differences between the data released by IAEA and by NNDC as EPICS2017 
Different data released by IAEA under the same identifier of EPICS2017 
‒ e.g. photoelectric cross sections modified in February, all identified as EPICS2017
‒ Same issue again with transition energies modified in April 2018

24

(screenshots on 18/6/2018)
Example: Carbon

(http://www.nndc.bnl.gov/endf/epics/)
 6000.00000 11.9078164          0          0          4          0 60028533    1 
 1.00000000 0.0                 0          0         54          8 60028533    2 
 288.000000 2.00000000 0.0        0.0        0.0        0.0        60028533    3 
 3.00000000 0.0        276.740000 5.61488D-4 0.0        0.0        60028533    4 
 4.00000000 0.0        276.740000 .001120600 0.0        0.0        60028533    5 
 2.00000000 2.00000000 254.820000 .413609000 0.0        0.0        60028533    6 
 2.00000000 3.00000000 260.150000 .136190000 0.0        0.0        60028533    7 
 2.00000000 4.00000000 260.150000 .271099000 0.0        0.0        60028533    8 
 3.00000000 3.00000000 265.480000 .004207480 0.0        0.0        60028533    9 
 3.00000000 4.00000000 265.480000 .110012000 0.0        0.0        60028533   10 
 4.00000000 4.00000000 265.480000 .063200800 0.0        0.0        60028533   11 
 2.00000000 0.0                 0          0          6          0 60028533   12 
 16.5900000 2.00000000 0.0        0.0        0.0        0.0        60028533   13 
 3.00000000 0.0                 0          0          6          0 60028533   14 
 11.2600000 .670000000 0.0        0.0        0.0        0.0        60028533   15 
 4.00000000 0.0                 0          0          6          0 60028533   16 
 11.2600000 1.33000000 0.0        0.0        0.0        0.0        60028533   17

(http://www.nndc.bnl.gov/endf/b8.0)
 6000.00000 11.9078164          0          0          4          0 60028533 
 1.00000000 0.0                 0          0         54          8 60028533 
 288.000000 2.00000000 0.0        0.0        0.0        0.0        60028533 
 3.00000000 0.0        282.020000 5.61488D-4 0.0        0.0        60028533 
 4.00000000 0.0        282.030000 .001120600 0.0        0.0        60028533 
 2.00000000 2.00000000 255.890000 .413609000 0.0        0.0        60028533 
 2.00000000 3.00000000 264.460000 .136190000 0.0        0.0        60028533 
 2.00000000 4.00000000 264.470000 .271099000 0.0        0.0        60028533 
 3.00000000 3.00000000 273.030000 .004207480 0.0        0.0        60028533 
 3.00000000 4.00000000 273.040000 .110012000 0.0        0.0        60028533 
 4.00000000 4.00000000 273.050000 .063200800 0.0        0.0        60028533 
 2.00000000 0.0                 0          0          6          0 60028533 
 16.5900000 2.00000000 0.0        0.0        0.0        0.0        60028533 
 3.00000000 0.0                 0          0          6          0 60028533 
 11.2600000 .670000000 0.0        0.0        0.0        0.0        60028533 
 4.00000000 0.0                 0          0          6          0 60028533 
 11.2600000 1.33000000 0.0        0.0        0.0        0.0        60028533 

(https://www-nds.iaea.org/epics/)
 6000.00000 11.9078164          0          0          4          0 60028533    1 
 1.00000000 0.0                 0          0         54          8 60028533    2 
 288.000000 2.00000000 0.0        0.0        0.0        0.0        60028533    3 
 3.00000000 0.0        282.020000 5.61488D-4 0.0        0.0        60028533    4 
 4.00000000 0.0        282.030000 .001120600 0.0        0.0        60028533    5 
 2.00000000 2.00000000 255.890000 .413609000 0.0        0.0        60028533    6 
 2.00000000 3.00000000 264.460000 .136190000 0.0        0.0        60028533    7 
 2.00000000 4.00000000 264.470000 .271099000 0.0        0.0        60028533    8 
 3.00000000 3.00000000 273.030000 .004207480 0.0        0.0        60028533    9 
 3.00000000 4.00000000 273.040000 .110012000 0.0        0.0        60028533   10 
 4.00000000 4.00000000 273.050000 .063200800 0.0        0.0        60028533   11 
 2.00000000 0.0                 0          0          6          0 60028533   12 
 16.5900000 2.00000000 0.0        0.0        0.0        0.0        60028533   13 
 3.00000000 0.0                 0          0          6          0 60028533   14 
 11.2600000 .670000000 0.0        0.0        0.0        0.0        60028533   15 
 4.00000000 0.0                 0          0          6          0 60028533   16 
 11.2600000 1.33000000 0.0        0.0        0.0        0.0        60028533   17 
                                                                   60028  099999

Version control and configuration management ISO/IEC/IEEE 12207, IEEE Standard 828



Maria Grazia Pia, INFN Genova

First validation test
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Electron ionisation cross sections
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0.01 significance levelefficiency = fraction of test cases   
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Summary of shortcomings
• Documentation: 

• Unclear what was improved in this 
release (Red’s documentation 
“incomplete”) 

• What is documented is not what is 
in files 

• ENDF documentation that clarified 
formats used by author only 
generally available after release 

• Version control: 
• Library content is format dependent 

(ENDL vs. ENDF/GNDS) 
• Version screwups due to blowing 

past deadline 

• Verification rushed: 
• Binding energy error could have 

been caught with time (EADL 
unchecked), eliminating post-
release errata 

• Validation issues: 
• Precision choices made by author 

impact validation 
• No apparent validation done by 

author and we had no contacts that 
could perform validation 

• Validation by Grazia Pia’s groups 
found issues

In lieu of the many users of these libraries,  
we need help so we don’t repeat this mess-up



Things I took note of

• SINBAD 
• The many users of our electro- and photo-

atomic libraries 
• EPICS problems 
• Fe problems 
• Other data problems



We heard earlier 
about Fe problems, 
here is a small recap
• Elastic scattering angular distribution 

covariances are incomplete 
• General statement:  

we need covariances for more 
than just P1 

• Elastic vs. inelastic shielding issues 
from IPPE shielding experiments 

• TIARA: poor performance in high 
energy (> 60 MeV) shielding 
experiments from JAEA.   
Contact: Chikara Konno

beam and the test shield with an additional iron collimator. We used the
measured neutron spectrum data as the source neutron in the analysis.
The official ACE file of ENDF/B-VII.1 [13] was used for the experi-
mental analyses. JENDL-4.0/HE and the beta versions of ENDF/B-VIII
were converted to the ACE files with a nuclear data processing code
NJOY2016 [14] by ourselves. The 1H data in the official ACE file of
FENDL-3.1b was used in the calculations with all the beta versions of
ENDF/B-VIII, due to no 1H data above 20 MeV in the ENDF/B-VIIIβs.
The calculated errors were less than 1% with sufficient histories, as-
signed importance for each cell was used as a variance reduction
techniques of MCNP.

3. Results

3.1. Iron experiment with 40 MeV neutrons

The measured and calculated neutron spectra of the iron experiment
with 40 MeV neutrons are shown in Fig. 3. The ratios of the calculated
continuum (10–35 MeV) and peak (35–45 MeV) neutron fluxes to the
measured ones are shown in Fig. 4 in order to compare more precisely.
The overestimation problem in the calculation result with ENDF/B-
VII.1 is improved in that with ENDF/B-VIIIβ4, which is relatively in
good agreement with the measured one and that with JENDL-4.0/HE.

3.2. Iron experiment with 65 MeV neutrons

Fig. 5 shows the measured and calculated neutron spectra of the
iron experiment with 65 MeV neutrons. The ratios of the calculated
continuum (10–60 MeV) and peak (60–70 MeV) neutron fluxes to the
measured ones are shown in Fig. 6. The overestimation in the calcu-
lation result with ENDF/B-VII.1 disappears in that with ENDF/B-VIIIβ4.
However, the calculated results with ENDF/B-VIIIβ4 and JENDL-4.0/
HE remarkably underestimate the measured ones in the thick shield.
This issue is discussed in Section 4.1 in detail.

3.3. Concrete experiment with 40 MeV neutrons

Fig. 7 shows the measured and calculated neutron spectra of the
concrete experiment with 40 MeV neutrons. The ratios of the calculated
continuum (10–35 MeV) and peak (35–45 MeV) neutron fluxes to the
measured ones are shown in Fig. 8. The calculated result with ENDF/B-
VIIIβ4 still overestimates the measured one. That with JENDL-4.0/HE is

Fig. 1. Cross sectional view of the experimental configuration.

Fig. 2. Calculation model of the experiments.

Fig. 3. Measured and calculated neutron spectra in the iron experiment with 40 MeV
neutrons.

Fig. 4. Ratios of the calculated neutron fluxes to the measured ones in the iron experi-
ment with 40 MeV neutrons.

Fig. 5. Measured and calculated neutron spectra in the iron experiment with 65 MeV
neutrons.
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Other reported problems  
(some are previously 
known issues)
• Dosimetry reactions that need fixing 

• 103Rh(n,n’)103mRh incorrect (noted 
in 2 talks, #25409 and #25428) 

• 115In(n,n’)115mIn incorrect   
[Tracker #1122] 

• 90Zr(n,2n), 127I(n,2n) (noted in 
#25362) 

• Missing gammas  
• Discretes don’t match known 

gammas/levels 
• Continuum energy balance issues 
• Especially capture gammas 

(including primary)

ANS RPSD 2018 - 20th Topical Meeting of the Radiation Protection & Shielding Division of ANS 
Santa Fe, NM, August 26 – 31, 2018, on CD-ROM, American Nuclear Society, LaGrange Park, IL (2018) 
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The purpose of this paper is to present an analysis of 
the hafnium configuration of FLUOLE-2 program. 
FLUOLE-2 is a set of benchmark-type experiments 
dedicated to neutron attenuation analysis with the aim of 
improving the TRIPOLI-4® Monte Carlo code validation 
and industrial neutron physics scheme. The CEA 
developed this program, with the support of EDF, in 
order to be representative of 900 and 1450 MWe 
Pressurized Water Reactors operated in France. For that 
purpose, different stainless steel structures have been 
designed and appropriately positioned inside the EOLE 
facility located at Cadarache CEA center. EOLE is a pool 
type zero power reactor, composed of a cylindrical 
aluminum vessel with an overstructure of stainless steel, 
that is able to contain various types of core and related 
structures. The FLUOLE-2 core has been designed as a 
29×29 pins square lattice of fuel rods. Different kind of 
dosimeters (cobalt, gold, tin, rhodium, indium, iron, 
nickel, titanium, aluminum, and vanadium) were 
irradiated inside and outside the core. 

 
I. INTRODUCTION 

The FLUOLE-2 program1 is a benchmark-type 
experiment designed, developed, and performed by the 
CEA (Commissariat à l’Energie Atomique et aux 
Energies Alternatives), and supported by EDF (Électricité 
De France). It is devoted to improve the TRIPOLI-4® 
(Ref. 2) Monte Carlo code validation by analyzing 
neutron attenuation using activation dosimeters. This 
program is representative of both French 900 and 1450 
MWe Pressurized Water Reactors. To achieve this goal, 
different stainless steel structures have been designed and 
appropriately positioned inside the EOLE3 facility, as 
shown in Figure 1. In the North, structures are designed to 
reproduce neutron paths between the core and 
surveillance capsules inside a PWR while in the opposite 
side in the South, structures reproduce neutron paths 
between the core and the vessel of a PWR. This program 
was carried out in several steps: dosimeters were 
irradiated and their activity was measured, both carried 
out at CEA/Cadarache. Then, an analysis of experimental 
results was conducted at CEA/Saclay using a calculation 
scheme presented in section II. 

 

dosimeter holder

stainless steal structure 

29 x 29
pin fuel rods

stainless steal structure 

vessel

North

South

EastWest

core bafle

 
Fig. 1. FLUOLE-2 device. 

 

EOLE critical mock-up is a pool type zero power 
reactor, composed of a cylindrical aluminum vessel with 
an overstructure of stainless steel, that can contain various 
types of core and related structures. To perform the 
FLUOLE-2 experiment, the core has been designed as a 
29×29 pins square lattice. Three core loading 
configurations were developed and analyzed as illustrated 
in Figure 2. 

Configuration #1: 29×18 UOX (uranium oxide 3.7%) 
fuel rods in the North, and 29×11 MOX (mixed oxide 
7.0%) fuel rods in the South. This configuration 
represents the first stage of the FLUOLE-2 program. 

Configuration #2: UOX and MOX fuel rods were 
switched so that UOX fuel rods were in the South, and 
MOX fuel rods in the North. 

Configuration #3: 29×29 UOX fuel rods including 
twenty-two hafnium rods in the South. 

Using core configurations #1 and #2, North and 
South structures were irradiated by neutrons from both 
UOX and then MOX fuel. During these two stages, the 
same kind of dosimeters were irradiated in the same 
location (North and South). The aim was to check the 
effect of fission spectra on neutron transport. 
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TABLE V. Global C/M results for ex-core dosimeters. 

types Number of 
measures Mean C/M Statistical 

dispersion 
Vanadium 1 0,95 - 
Aluminum 2 0,99 0,01 
Iron(56) 7 1,01 0,04 
Titanium 1 0,99 - 
Iron(54) 19 1,01 0,03 
Nickel 19 1,03 0,03 
Indium 7 0,98 0,03 

Rhodium 1 0,88 - 
Tin 1 1,11 - 

Cobalt 1 1,01 - 
Gold 0 - - 
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Fig. 6. Global C/M results for ex-core dosimeters. 
 

Error bars represent dispersion of C/M results (1σ). 

 

V. GENERAL DISCUSSION 

This section is dedicated to a comparison of results 
obtained for the three configurations of the FLUOLE-2 
program. Additional discussions are also presented. 

V.A. Comparison of the FLUOLE-2 program results 

In this section, C/M results associated to the three 
configurations of the FLUOLE-2 program are compared. 
This work is done separately for in-core (Figure 7) and 
ex-core dosimeters (Figure 8; South side). Error bars 
represent dispersion of C/M results (1σ). 
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Fig. 7. Comparison of C/M results for in-core dosimeters. 
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Fig. 8. Comparison of C/M results for ex-core dosimeters. 

 

As has been discussed previously, C/M ratio values 
are similar for each kind of dosimeters. The deviation 
between calculated and measured activity values ranges 
from 0.95 to 1.05 in average, except for rhodium and tin 
dosimeters. The ability of TRIPOLI-4® Monte Carlo code 
to make a correct calculation of neutron attenuation 
through the core as well as outside the core is confirmed. 

C/M results at the North side of the core are not 
discussed in this article because no dosimeters were 
irradiated at this location during configuration #3. 
However, similar good results were obtained with 
configurations #1 and #2 (Ref. 4). 

V.B. Additional analysis: IRDFF1.05 library 

In the analysis presented in this paper, activity values 
were calculated using IRDF2002 cross-section library. An 
updated library dedicated to dosimeter calculation is now 
available: IRDFF1.05. In the FLUOLE-2 program, only 
aluminum, indium, and gold dosimeters are affected by 
this new library. Cross-section data remain unchanged for 
all other dosimeters. New calculations were carried out 
using this new library. The difference between new 
results and reference results (presented in this paper) is 
lower than 2%. Using IRDFF1.05 cross-section library 
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