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Abstract. There has been a continued effort since 2019 within the IAEA INDEN collaboration to improve the

evaluation of neutron induced reactions on iron isotopes. The reason for the 30% underestimation of the neutron

leakage spectrum from a thick iron sphere was found primarily to be due to the overestimation of the inelastic

cross sections in the 56Fe evaluated data file produced within the CIELO project of the OECD/NEA Data Bank.

The over-estimation of the neutron flux between the resonances near 300 keV was traced to neglecting the

fluctuating nature of the total cross section of 57Fe in the fast neutron energy range, since the evaluated resolved

resonance range of 57Fe extended only up to 190 keV. The added 1/v background in the "iron window" below

28 keV is in excellent agreement with the independently evaluated one in the JENDL-5.0 library that included

the direct capture component in the evaluation. Performance of the updated 56,57Fe evaluations was tested on

a set of criticality benchmarks from the ICSBEP Handbook, including the dependence on reflector thickness

and on new deep penetration shielding benchmark using a 252Cf(sf) neutron source undertaken at Rez, Czech

Republic. Neutron leakage for 43 MeV incident neutrons was also validated.

1 Introduction

Iron is an extremely important structural and shielding ma-

terial that appears in many nuclear applications usually

as a major component of stainles steel. Nuclear reaction

data of iron have been addressed within the Subgroup-40

(CIELO) of the OECD/NEA Data Bank [1]. The re-

sulting evaluated data files from the BNL/IAEA collab-

oration for the iron isotopes [2] were included in the

ENDF/B-VIII.0 library [3] and performed well in crit-

icality benchmarks. Unfortunately, inadequate perfor-

mance of the 56Fe evaluation was discovered for shield-

ing benchmarks by Simakov [4] just before the release

of the ENDF/B-VIII.0 library: the leakage spectra from

very thick iron shells with a 252Cf(sf) source in the centre

were significantly under-predicted in the energy range 1-8

MeV (see Fig.32 of Ref. [2]). A similar under-prediction

of about 30% for 14 MeV neutron source was found for

neutron leakage energies from 1 to 4 MeV (see Fig.35 of

Ref. [2])

The CIELO project is formally terminated [1, 5]. The

International Nuclear Data Evaluation Network (INDEN)

is a follow-up activity coordinated by the International

Atomic Energy Agency (IAEA) to connect the evaluators

in Member States to collaborate in the nuclear data eval-

uation efforts. Within this framework additional analysis

∗e-mail: andrej.trkov@ijs.si

of the iron nuclear data was performed which showed that

the root cause of the problem was the inelastic cross sec-

tion of 56Fe, which seemed to be too high. In the CIELO

evaluation the evaluated inelastic cross section was based

on the Negret experiment at JRC, Geel [6], and the elas-

tic cross section was calculated from the difference of the

inelastic to the total cross section. CIELO derived elastic

cross sections were in contradiction with the new measure-

ment of the elastic cross sections by Pirovano [7] at JRC

Geel. A compromise was made by reducing the inelastic

cross sections and compensating the difference with the

elastic cross sections such that both remained within their

respective uncertainty bands and unitarity with the total

cross section was preserved. However, new Beyer data [8]

support Negret values in that energy region. Korzh older

measurements [9] are also in agreement with Negret data.

Additional studies are needed to clarify the values of the

inelastic cross section below 2 MeV.

Jansky was reporting over-prediction of the neutron

flux in the so-called "iron windows" between the reso-

nances in spectra leaking through thick iron spheres with

a 252Cf(sf) source in the centre [10]. The effect was par-

ticularly strong around 300 keV. Trials by increasing the

elastic cross section in the resonance minima were proven

wrong by Beyer et al. [11] in a transmission measurement

on a thick (90 mm) iron target. The root cause was iden-
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tified to be the total cross sections of 57Fe, which did not

take into account the highly fluctuating nature of the cross

sections above 190 keV. Largest fluctuations up to 12 barn

amplitude were very different from the smoothly evalu-

ated values of about 4 barn. These fluctuations in a minor

isotope become important precisely at the minima of the

elastic cross section in 56Fe.

There was also a question of the thermal capture

cross section. R. Firestone [12] published the results

from prompt-gamma activation analysis, which suggested

lowering of the thermal capture cross section by 7%.

Validation measurements at CEA within the MAESTRO

project [13] at the MINERVE reactor did not support such

a decrease (see discussion at p.31 of Ref. [14]). The same

validation showed that JEFF-3.1.1 evaluation was essen-

tially correct, so the recommended value of the thermal

capture cross section for 56Fe of 2.577 barns was adopted.

This value is also in agreement with latest Firestone eval-

uation based on historic sets of pile oscillation measure-

ments [15].

The resulting evaluated data files were extensively

tested. The benchmarking exercise illustrates how inte-

gral benchmarks can be used to discriminate between dis-

crepant differential data to produce evaluated data files that

perform well in situations that are critical for the safe op-

eration of nuclear installations.

The evaluation methodology is briefly described in

Section 2. Some details of the nuclear model calculations

are summarized in Section 2.2. Specific adjustments to the

cross sections are described in Section 2.3. Performance

on benchmarks is described in Section 3, discussing sep-

arately the performance in criticality benchmarks in Sub-

section 3.1 and shielding benchmarks in Subsection 3.2.

The conclusions are given in Section 4.

2 Evaluation methodology

Due to the observed large scale total cross-section fluctua-

tions up to 4 MeV of incident neutron energy in 56Fe and

the inability of the optical model to properly describe the

average total cross section in that energy region, a decision

was made to use experimental data for the evaluation [2],

it is a non-model evaluation from 850 keV up to 4 MeV

[16].

Regarding the inelastic cross section in the 56Fe eval-

uation, the key point is that we trust the total cross sec-

tions in the ENDF/B-VIII.0 evaluation. New measure-

ments by E. Pirovano at the neutron time-of-flight facilities

GELINA and nELBE support a higher elastic cross sec-

tion, while capture is too small to play a role. This leads to

the conclusion that the inelastic cross sections were most

likely too high.

The elastic cross section was evaluated as the differ-

ence between the high-resolution total cross section by

Berthold et al [17] measured on a natural Fe sample and

the estimated inelastic data as shown in Fig. 2. The new

elastic cross section is shown to be higher than CIELO

evaluation in better agreement with Pirovano data [7] as

shown in Fig.1. The elastic cross section is generally

in agreement with the JEFF-3.1.1 elastic cross section as

shown in the same figure.
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Figure 1. Comparison of the natFe measured elastic cross sec-

tions below 7 MeV vs ENDF/B-VIII.0, JEFF-3.1.1, and current

INDEN evaluation.

The estimated inelastic cross section is close to the

ENDF/B-VII.1 and JEFF-3.1.1 evaluations and shows a

10–15% reduction of evaluated data compared to Beyer

[8] and Korzh [9] measurements as shown in Fig.2. The

reduction is significant from 2 up to 7 MeV of incident

neutron energy. Further experimental investigations of this

discrepancy are planned.
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Figure 2. Comparison of low-resolution 56Fe inelastic cross sec-

tions vs ENDF/B-VIII.0, JEFF-3.1.1, and current INDEN evalu-

ation.

Legendre-polynomial fits of measured angular distri-

butions by Kinney (above 0.85 MeV) [18] and Smith

(from 2.5 to 4 MeV) [19] were directly adopted in the

evaluated file (since INDEN r39 version). Perey angu-

lar distributions [20, 21] were used below 850 keV in

the resolved-resonance region following a feedback pro-

vided by RPI quasi-differential iron experiment [22]. All

angular-distribution Legendre polynomial fits adequately

represent measured data at room temperature and are truly

independent of resonance spin assignment and missing

resonances. This is an advantage over angular distribu-

tions reconstructed from derived resonance parameters at

zero Kelvin. The elastic angular distribution at 1.3 MeV of

incident neutron energy measured by Ramirez et al. [23]

is shown in Fig.3.

Note the significant differences between the smooth

lines (point-wise data at 1.3 MeV) and the histogram

derived as an incident-energy averaged over 175-energy
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Figure 3. Comparison of the natFe measured elastic an-

gular distribution at 1.3MeV of incident neutron energy vs

ENDF/B-VIII.0 and current INDEN r61 evaluation.
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Figure 4. Comparison of the natFe measured elastic angular dis-

tribution at 2MeV of incident neutron energy vs ENDF/B-VIII.0

and current INDEN r61 evaluation.
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Figure 5. Comparison of the natFe measured elastic angular dis-

tribution at 3MeV of incident neutron energy vs ENDF/B-VIII.0

and current INDEN r61 evaluation.

groups of the evaluated angular distributions near 1.3

MeV. This difference highlights the resolution effect on

the comparison of angular distributions between measured

and evaluated data, Such effects are significantly reduced

at higher energies. There were minor changes in the

Smith data fit in the current evaluation that resulted in

slightly larger anisotropy compared to the ENDF/B-VIII.0

(CIELO) evaluation as shown in Figs.4 and 5. The cross-

section anisotropy changes disappear at 4 MeV of neutron

incident energy as seen in Fig.6.

Angle (deg)

dσ
/d

Ω
 (b

/s
r)

0 50 100 150

10-1

1

2.10-2

5.10-2

0.2

0.5

2

10-1

1

2.10-2

5.10-2

0.2

0.5

20 50 100 150
INDEN-Oct2022:Fe-nat(N,EL) Ei3.99E+6
ENDF/B-VIII.0:Fe-nat(N,EL) Ei3.99E+6

2019 Pirovano
2019 Pirovano

Figure 6. Comparison of the natFe measured elastic angular dis-

tribution at 4 MeV of incident neutron energy vs ENDF/B-VIII.0

and current INDEN r61 evaluation.

2.1 Resonance parameters

The resonance parameters of 56Fe are essentially those

evaluated by Perey and Perey [24] which were included

in the Fröhner evaluation in the JEF-2.2 library [25].

Some typos in the original evaluation were corrected

(one resonance energy was changed from 767.240 keV to

766.724 keV and the spurious resonance at 59.5 keV was

deleted [2]). Fröhner’s evaluation has also been adopted

in subsequent JEFF libraries and in JENDL-4.0. Based on

the feedback from the iron-uranium criticality benchmark

ZPR-9/34 (hmi001/1 – item 7 in Table 1), which has ex-

tremely high sensitivity to capture in the region below the

first s-wave resonance (1–30 keV), we effectively added

a 1/v component to the capture cross section (see Fig.11

of Ref.[2]). This component was reduced in the current

INDEN file as shown in Fig. 7. The INDEN r61 1/v
background in Fig. 7 was independently confirmed in the

JENDL-5.0 evaluation, in which the direct capture mecha-

nism was considered explicitly and matches very well with

the current evaluation in this particular energy range.

The other cross-section change in the Fröhner evalua-

tion was the addition of smooth background cross section

to capture of up to 3.1 millibarns starting at 400 keV up

to 850 keV (at the upper end of the resolved resonance

range) to make the average cross sections agree with mea-

sured cross-section values at RPI (see Fig.12 of Ref.[2]).

At the same time the background makes the average cap-

ture cross section below 850 keV consistent with the aver-

age capture cross section measured by McDermott et al. at

RPI above 850 keV [27]. The added background is physi-

cally supported by direct capture calculations by Diakakis

and colleagues [28] as due to the direct capture on "p" and

"d" states. This higher energy background (400–850keV)

remains untouched from the ENDF/B-VIII.0 evaluation.

It was already noted by Perey and Perey [24] that there

are missing levels above 400 keV and they did not con-

sider evaluated resonance parameters reliable in that en-

ergy range and suggested using average resonance param-

eters to describe data there. This situation imposes con-

straints on the use of reconstructed angular distributions

from evaluated resonance parameters; non-zero angular

momentum states ("p" and "d" waves) are very important
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to describe the corresponding angular distributions. Un-

fortunately, "p" resonances and "d" resonances are often

missed in the capture yield due to the increasingly higher

centrifugal barrier l̃(l+1) for non-zero orbital momentum

states.
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Figure 7. Comparison of the 56Fe capture cross sections below

30 keV in the "iron transmission window". The current work

INDEN r61 is compared with recent evaluations.

The resonance parameters of 57Fe were not changed

compared to the ENDF/B-VIII.0 evaluation, but the 57Fe

cross sections in the fast neutron range above 190 keV

were modified as described in Section 2.3.

2.2 Nuclear model calculation

The details of the nuclear model calculations were already

given in the original paper describing the ENDF/B-VIII.0

evaluated data library [2]. Implemented changes to the

cross sections are described below.

2.3 Specific changes to cross sections

The 56Fe capture cross sections above 850 keV were ex-

perimentally determined by McDermott et al. in 2016 us-

ing a 96% 56Fe sample with a good discrimination of the

gammas from the 56Fe(n,n’γ) reaction [27]. Those capture

cross sections were already used in the ENDF/B-VIII.0 file

and were not changed for the INDEN file.

As shown through the 90 mm transmission measure-

ment undertaken at nELBE [11] the original ENDF/B-

VIII.0 (CIELO) 56Fe resonance parameters which are very

close to Fröhner evaluation [25] were correct; there was no

need to make any changes to the cross sections in the min-

ima of the elastic cross sections. This is shown in Fig. 8

where INDEN 56Fe evaluation r39 (black solid line) is off

data from 295 up to 310 keV. A similar behavior is seen

at other elastic minima over the whole resolved resonance

region.

Therefore, a different reason should be responsible for

the observed overestimation of the neutron flux near 300

keV. It was found that the resonance range of 57Fe extends

only up to 190 keV, although there are significant oscilla-

tions in the total cross sections above this energy, as seen

in the data of Pandey [29]. The raw Pandey data were lin-

earized to remove some statistical fluctuations. The data

Figure 8. Simulation of the transmission measurement through

a 90 mm natural iron sample at the nELBE facility, demon-

strating the correctness of the updated 56Fe resonance data

(INDEN r61)and the 57Fe fluctuating total cross sections above

the resonance range (dashed red line), compared to the previous

trial (black solid line – INDEN r39) with modified elastic cross

sections in the minima of 56Fe cross sections.

were entered in point-wise form into the ENDF file, dump-

ing the difference between the total and the partial cross

sections into the elastic cross section (see green line in

Fig. 9). With these corrections the Monte Carlo simu-

lation of the nELBE transmission experiment through a

90 mm natural iron sheet is in excellent agreement with

the measured transmission, as seen for the dashed red line

in Fig. 8.
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Figure 9. Comparison of the updated 57Fe total cross sections

(green line) with the data by Pandey (blue circles) and the origi-

nal ENDF/B-VIII.0 averaged cross sections (red line).

3 Benchmarking and validation

3.1 Performance in criticality benchmarks

In the ICSBEP Handbook [30] there are many bench-

marks that are sensitive to the iron cross sections, either
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Table 1. Short list of ICSBEP criticality benchmark

experiments sensitive to the cross sections of iron.

No. ICSBEP Label Short name Common name

1 HEU-MET-FAST-013 hmf013 VNIITF-CTF-SS-13
2 HEU-MET-FAST-021 hmf021 VNIITF-CTF-SS-21
3 HEU-MET-FAST-024 hmf024 VNIITF-CTF-SS-24
4 HEU-MET-FAST-087 hmf087 VNIITF-CTF-Fe
5 HEU-MET-FAST-088 hmf088-001 FKBN-2/SS-PE-1
6 HEU-MET-FAST-088 hmf088-002 FKBN-2/SS-PE-2
7 HEU-MET-INTER-001 hmi001 ZPR-9/34
8 HEU-MET-THERM-013 hmt013-002 Planet_Fe-2
9 HEU-MET-THERM-015 hmt015 Planet_HEU/Fe/PE

10 IEU-MET-FAST-005 imf005d VNIIEF-CTF-5
11 IEU-MET-FAST-006 imf006 VNIIEF-CTF-6
12 LEU-COMP-THERM-042 lct042-001 lct042-001
13 LEU-COMP-THERM-042 lct042-002 lct042-002
14 LEU-COMP-THERM-043 lct043-002 IPEN/MB-01
15 LEU-MET-THERM-015 lmt015-001 RB-Vinca(01)
16 MIX-COMP-FAST-001 mcf001 ZPR-6/7
17 MIX-COMP-FAST-005 mcf005s ZPR-9/31
18 MIX-COMP-FAST-006 mcf006s ZPPR-2
19 PU-MET-FAST-015 pmf015 BR-1-3
20 PU-MET-FAST-025 pmf025 pmf025
21 PU-MET-FAST-026 pmf026 pmf026
22 PU-MET-FAST-028 pmf028 pmf028
23 PU-MET-FAST-032 pmf032 pmf032
24 PU-MET-INTER-002 pmi002 ZPR-6/10
25 PU-MET-INTER-003 pmi003-001s ZPR-3/58(U)
26 PU-MET-INTER-004 pmi004-001s ZPR-4/59(Pb)
27 IEU-COMP-INTER-005 ici005 ZPR-6/6A
28 PU-MET-FAST-015 pmf015s BR-1-3

in the form of iron blocks or in stainless steel. A selec-

tion of benchmarks was made according to the sensitivi-

ties obtained with the DICE system [31] developed at the

OECD/NEA Data Bank and the availability of the com-

putational models for the MCNP Monte Carlo transport

code [32]. The selected benchmarks are listed in Table 1,

giving the ICSBEP label, the short name and the common

name of the benchmark.

The results are shown in Fig. 10, showing the differ-

ence between the calculated and the reference effective

multiplication factor (ke f f ) values for the ENDF/B-VIII.0

and the current INDEN r61 evaluations. From the plot

it is evident that the evaluation performance of the

ENDF/B-VIII.0 file was not compromised. Reactivity pre-

dicted for some of the benchmarks is closer to the bench-

mark reference, but there are outliers, which were not af-

fected significantly by the changes. A biggest improve-

ment is observed for the ZPR-6/10 benchmark (pmi002 -

Case 24 in Table 1), but this improvement is mainly due to

the improvements of Cr cross sections [14]. This bench-

mark is also sensitive to the nickel cross sections, further

investigations are warranted.

Another aspect is to check the reactivity prediction

of fast assemblies as a function of stainless-steel reflec-

tor thickness. In the ICSBEP Handbook there are sev-

eral benchmarks with different thicknesses of stainless

steel reflectors. The list ordered by reflector thickness

is given in Table 2. The results on Fig. 11 with the

INDEN r61 evaluation are very similar to the results with

the ENDF/B-VIII.0 library. There is an small positive crit-

icality trend with increasing reflector thickness observed

for all libraries, but it is well within the benchmark uncer-

tainty band. The JEFF-3.3 library slightly underestimates

the criticality especially for small thickness reflectors. The

Figure 10. Comparison of the performance of ENDF/B-VIII.0,

JEFF-3.3 and INDEN r61 evaluations on the selected criticality

benchmarks.

gradient as a function of reflector thickness is practically

the same for the three compared evaluations.

Table 2. Short list of ICSBEP criticality fast benchmarks with

different thicknesses of stainless steel reflectors.

ICSBEP Label Short name Common name Reflector
thickness

[cm]

HEU-MET-FAST-084 hmf084-019 Comet-Fe 1.27
PU-MET-FAST-025 pmf025 pmf025 1.55
HEU-MET-FAST-084 hmf084-007 Comet-Fe 2.54
HEU-MET-FAST-013 hmf013 VNIITF-CTF-SS-13 3.65
PU-MET-FAST-032 pmf032 pmf032 4.49
HEU-MET-FAST-021 hmf021 VNIITF-CTF-SS-21 9.70
PU-MET-FAST-026 pmf026 pmf026 11.9
PU-MET-FAST-028 pmf028 pmf028 19.7
PU-MET-FAST-015 pmf015s BR-1-3 28.1

3.2 Performance in shielding benchmarks

There are many deep-penetration benchmark experiments

involving iron of different quality and sensitivity. From the

previous experience we needed to validate both the new

iron and chromium evaluations, being the nickel evalua-

tion taken from the ENDF/B-VIII.0 library. The most re-

cent experiment using a well-validated neutron spectrom-

eter was performed at Řež, CZ [33]. The experiment mea-

sured the neutron leakage spectrum from a 50x50x50cm3

stainless steel cube with a 252Cf(sf) source located inside.

Comparison was made between the spectra calculated with

different libraries and the measured spectrum for energies

from 1 MeV up to 12 MeV. The best results of all par-

ticipating libraries were obtained with the INDEN data,

thus validating the current evaluation for deep penetration

problems and energies above 1 MeV. This benchmark is

particularly sensitive to elastic and inelastic cross sections

and angular distributions, Note that a 15% underestimation

of the neutron leakage using the Fe-56 CIELO evaluation

adopted in ENDF/B-VIII.0 library is clearly seen in Fig.12

in the whole energy range. The JEFF-3.3 evaluation over-

EPJ Web of Conferences , 12002 (2023)284
ND2022

https://doi.org/10.1051/epjconf/202328412002

5



Figure 11. Comparison of reactivity prediction between

ENDF/B-VIII.0, JEFF-3.3 and INDEN r61 evaluations as a func-

tion of stainless-steel reflector thickness.

estimates the measured leakage from 2 up to 4 MeV; and

JENDL-4 overestimates the measured data around 5 MeV.

There are very few benchmarks to test the performance

of evaluated data files on deep penetration problems above

20 MeV. One of the very few is the TIARA benchmark

performed in Japan with a neutron source obtained by

bombarding a lithium target with a proton beam. Leak-

age spectra were measured for neutrons with nominal en-

ergies of 43 MeV and 68 MeV. Spectra for incident neu-

trons of 43 MeV leaking from a 100 cm thick slab of iron

are shown on Fig. 13. The results with older libraries

like ENDF/B-VII.1 are poor. The INDEN results are al-

most equal to ENDF/B-VIII.0, which is reasonable since

no changes were done to the evaluation at high energies.

The results obtained with INDEN and ENDF/B-VIII.0 li-

braries are comparable to those with iron data taken from

the JENDL-5.0 library.

4 Conclusions

Benchmark testing of the updated evaluated data files of

iron showed significant improvement in performance. The

previously observed serious deficiency of the iron CIELO

evaluation of under-predicting the fast-neutron leakage

spectra from thick iron shells with a 252Cf(sf) source was

solved. The very long-standing issue of 30% overesti-

mation of the neutron leakage around 300 keV was also

eliminated by modifying 57Fe cross sections to follow

Pandey experimental data above the resolved resonance

region. Neutron leakage benchmark experiments with a

D-T source also showed an improvement. In the TIARA

benchmark involving 43 MeV incident neutrons the new

evaluation performed much better than the ENDF/B-VII.1

and JEFF-3.3 libraries and comparably to the JENDL-5.0

library. At the same time, the good CIELO evaluation

performance in criticality benchmarks was not compro-

mised. The newly recommended evaluated nuclear data

files are available from the International Atomic Energy

Agency web page https://nds.iaea.org/INDEN/ of the IN-

DEN project.
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