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Executive Summary

Studies of the radioactive properties of nuclear devices, including future power
stations, rely upon calculations of the neutron-induced activation-transmutation
of materials. In order for trust to be placed in the results of such calculations it is
necessary that the inventory code and the data libraries are verified and validated.
This is done by comparing the predictions of the code system with activation mea-
surements made on materials relevant to nuclear technology in well-characterised
neutron fields. Cases where the ratio of results from Experiment (E) and Calcu-
lation (C) are close to 1 generally serve as validation of the code/data system, for
the energy range covered.

A series of irradiations of various materials in several complementary neutron
fields have been carried out over several decades. Analyses of the results have pro-
duced integrated effective cross-sections attributed to various nuclear interactions.
Neutron spectra calculated for each experiment can be convolved over energy with
library cross-sections for comparison with experimental results.

For the present validation exercise the latest version of Fispact-II is used. Anal-
ysis of all experimental data enables effective cross sections to be calculated and
these are presented in tabular form as well as plots of the C/E ratio. A graph
showing the TENDL cross section as a function of neutron energy is plotted for
each reaction, along with experimental data extracted from the EXFOR database.
Using these graphs, an assessment can be made to determine if the reaction is val-
idated or if re-evaluation of the TALYS parameters responsible for TENDL is
required. These assessments will be used with other information to enable im-
provements to be made to future TENDL libraries.

Fispact-II provides the funcationality of an inventory code with full acces to the
TALYS-based Evaluated Nuclear Data Library (TENDL). It also retains legacy
compatability with the European Activation File (EAF). While several similar
reports were published for the EAF library, it is no longer under development as
TENDL provides a more robust methodology for building a more complete nu-
clear data file. This report provides more than an updated version of the previous
integral validation reports; the TENDL library contains more complete, replicable
total/pathway data, as well as variance and covariance data, all calculations have
been performed using the new Fispact-II code and every effort has been made
to ensure that this document is as self-contained and reproducible as possible.
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1 Introduction

Studies of nuclear technology rely on calculations of the activation-transmutation of
materials arising from the operation of nuclear devices or plants that produce neutrons
or other particles. Such calculations are then fed into studies of the operations, possible
accident scenarios, exposure doses to plant workers and the eventual decommissioning
of nuclear facilities. The calculations are performed using an inventory code which
requires as input large amounts of nuclear data: neutron-induced cross sections for
targets covering the whole periodic table, radioactive decay data such as half-lives and
decay energies and the biological effects of radionuclides on humans. The requirement
of completeness of the dataset forces library evaluators to draw from both models and
experiments. Thus for some reactions the cross section has been well measured and
the uncertainty is small (or simply acceptable), while for others there may be little
or no experimental measurements and the data are based entirely upon model code
calculations.

Legacy libraries have been built in a patchwork fashion, where periodic evaluations
add or modify the data related to a subset of nuclides/reactions/applications. This
has resulted in gradual improvement of the libraries which have matured over sev-
eral decades, but can leave gaps for certain applications where missing data result in
simulation inaccuracy. The TALYS code system is a collection of nuclear modelling
software which is based on an entirely different methodology [1]. Instead of gradually
adding new data and improving the data through periodic evaluations, TALYS takes
a set of physical parameters and produces a complete library. In each year since 2008
a complete library version is published as the TALYS-based Evaluated Nuclear Data
Library (TENDL) [2, 3]. The feedback from users and validation exercises directly
informs the models and parameters which are responsible for the whole library, rather
than an isolated nuclide.

In order for trust to be placed in the results of calculations, it is necessary that the
inventory code and the data libraries are validated. By this it is meant that the predic-
tions of the code system are compared with measurements made on materials relevant
to nuclear technology in well-characterised neutron fields. The ratio between effective
cross-sections that are determined from experiment (E) and calculation (C) give an
indication of agreement. Due to uncertainties in the measurements and errors in the
data libraries a range of C/E values is typically found for any one reaction, under-
lining the need for analysis of the experimental parameters and possible methods of
error introduction. As a result, some abnormal C/E values may not be sufficient to
convince evaluators to modify data and these will remain anomalous until additional
data become available.

By considering a large range of materials it is possible to cover a wide range of re-
actions, although it must be noted that with the current facilities, which produce a
relatively weak source of neutrons, it is only possible to validate reactions on stable
or long-lived targets that give products with short to medium half-lives. Additionally,
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the measurement of the effective cross-sections for specific reactions in mixed materi-
als (such as steels and alloys) can be challenging due to competing reaction pathways,
overlapping gamma energies or counting rates.

When differing experimental data of sufficient quality becomes available, validation
reports are essential vehicles for informing evaluators of discrepancies. Appropriate
cross section modifications can be made with confidence if integral results in several
complementary neutron spectra are available and if adequate experimental differen-
tial data exist. An evaluator may either renormalise the cross section over the entire
energy range to get a better fit to the measurements or renormalize over particular
energy regions. With a technological library such as TENDL the process instead in-
volves careful parameter modification to retain a consistent library. Improvement of
data libraries is therefore an additional outcome of the validation process. Only when
all available measurements on all relevant materials can be accurately reproduced by
the calculations, can it be said that the library is validated. Until then new integral
measurements will continue to be required to provide feedback and improve the quality
of the nuclear data libraries.

The present validation report utilises the updated Fispact-II code [4, 5]. Effective
cross-sections are calculated through the collapse of experimental neutron spectra and
compared with reference values. The Japanese Atomic Energy Agency (JAEA) Fu-
sion Neutron Source (FNS) total decay heat experiments [6] have been completed
re-analysed using TENDL-2017 and published in a companion validation report [7].

2 Validation methodology

The production of an activation library which satisfies the various incident-neutron
energy and materials requirements of the fission and fusion energy communities has
involved many nuclear data experts. The previous Fispact-II versions relied upon
the European Activation File (EAF), which was the subject, in its continually evolv-
ing form, of several integral validation efforts [8, 9, 10, 11]. Various contributors within
the experimental and nuclear data communities provided comparisons between exper-
imental and calculated heat or activity. By isolating a decay period where one nuclide
dominating the measurement, the production of a specific radionuclide would be de-
termined and the C/E ratio could be used to calculate the effective cross-section for
the reaction responsible for that product. The experimental cross-sections published
in the 2007 report [11] are used for our validation, except the values from the FNS
experiments and FNG decay heat measurements.

This led to the development of a modern system for V&V, which covered not only
the legacy EAF-format data, but the re-developed Fispact-II code and its capability
to handle international-standard ENDF-6 data formats, notably including TENDL-
2014 [12]. The results showed that the TENDL library at that time [13] had already
improved to the point of surpassing the EAF evaluation methodology.
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The validation of TENDL-2017 with the measurements from the JAEA FNS experi-
ments has been recently done in another CCFE report [7] and the results are included
for this analysis. Note that the Jülich and spontaneous 252Cf fission data are not based
upon analysis done using Fispact-II and are drawn directly from their sources.

A more recent set of validation reports using a similar methodology have been pro-
duced for FENDL-3.0/A and other major libraries [14, 15, 16]. These have introduced
additional integral measurements from Maxwellian-averaged cross sections (MACS)
and resonance integrals. These data are considered in a separate report [17].

Neutron spectra

The validation of nuclear data for exotic and/or high-energy threshold reactions (above
1 MeV) presents several challenges to both experimentalists and theorists. Fully char-
acterising the neutron flux from a 14 MeV source down to thermal energies has been
done with a host of complementary techniques, including stochastic/deterministic mod-
elling, multi-foil activation and unfolding. Even with the most impressive experiments
cited in this report, fluxes were calculated using Vitamin-J 175 or 211 group structures
which possess a notoriously coarse thermal energy treatment1. In many cases this may
hide a poorly known low-energy flux and in some cases large variations in published
flux bin values2 explicitly indicate that the flux is not well-characterised enough for
purposes such as this validation exercise. The following sections contain summaries of
all the experimental campaigns whose integral data is cited. Every cut or modification
of neutron flux data is made clear in the appropriate section.

For all fluxes, one consistent modification has been made in converting the data into
the considerably finer CCFE 709 multi-group using the Fispact-II convert module.
The TENDL data used by Fispact-II is processed into this multi-group and provides
a more robust collapse calculation than with legacy multi-group structures. In order
to deal with the one 1E-5 to 1E-1 Vitamin-J group, a physically realistic3 1E-2 cutoff
was made and the excluded neutron population was shifted into the collection of 1E-2
to 1E-1 bins. Unfortunately this must remain a constant, featureless thermal spectrum
since there is no additional information available.

Multiple-pathway measurements

Integral data experiments often cannot extract data for a specific reaction rate due to
the multiple reaction pathways which contribute to a specific nuclide production. This

1Specifically, five bins below 1 eV with one bin for 1E-5 to 1E-1 eV. An experiment with poor
knowledge of the thermal spectrum produces no trustworthy data for non-threshold reactions.

2Even fluxes with alternating zero and non-zero neutron populations per group in a course 175
structure.

3Of course a truly physical flux would depict the Maxwellian distribution, but this report will
simply use the cutoff to prevent overestimation in reactions with large thermal cross-sections.
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can be the result of multiple stable isotopes in a natural sample, isomer production
and (potentially unknown) sample impurities, for example. Consider the reactions

95Mo(n,p)95Nb and 96Mo(n,d)95Nb, (1)

which will both invariably contribute to any measurement of the product 95Nb. Many
elements possess multiple stable isotopes and mixed materials, such as steels and alloys,
can have many reactions from multiple elements/isotopes leading to the same measured
nuclide. When the incident neutron energies climb above the many thresholds in the 30-
200 MeV range, a surprising number of multi-particle and spallation reactions become
available. A previous EAF/EASY report [11] contained the reaction

52Cr(n,dα)47Sc, (2)

which has no EXFOR entries [18]. The six nucleons contained within those two ejected
particles can clearly be combined in other ways, such as (n,npa), and this represents one
of numerous pathways. These reactions suffer from rarely possessing any experimental
measurement and near total absence from the major nuclear data libraries4. In TENDL
a separate MT=5 is used to store the total for ‘other’ 30+ MeV cross-sections whose
product break-down is stored in the MF=10 ‘yield’ file. These contain the 30+ MeV
continuation of other cross-sections, as well as a multitude of other reactions5. When
using Fispact-II, the total reaction is processed as (n,O).

For many product nuclides there exists a single pathway which dominates the produc-
tion in a given experiment. In these cases the effective cross-section

σ̄ =

∑
g φgσg∑
g φg

, (3)

where group-wise summation over g is implied, can be calculated using Fispact-II and
directly compared with the corresponding experimental result. If there exists some
set of pathways with non-negligible contribution to the production of that nuclide,
it is not possible to isolate individual reactions without assumptions which would
quite possibly invalidate the result. One significant advantage with TENDL is the
use of physical parameters to guide where pathways exist, rather than a patchwork
of experimental results. As indicated by the pathway tables in Appendix A, TENDL
identifies a substantial number of higher-energy reactions which would otherwise be
forgotten.

The identification of missing reactions using legacy libraries relies upon the mos maio-
rum philosophy, where data contained within old libraries becomes accepted and ar-
guments must be made for its modification. This hides the weaknesses of the data
being used and slows (or prevents) its improvement. It often also results in miscon-
ceptions about the quality of nuclear data amongst users. Without the capabilities

4In part due to energy cut-offs which fall below the thresholds. See Figure 13 for a summary of the
reactions considered in this report.

5Note that the pathway breakdown is not included in this file, while TALYS does calculate each
pathway. This is a deliberate choice in the structure of TENDL at 30 MeV.
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of a code system such as TALYS, to produce high-energy libraries and validate them
against experiments is achieved using the legacy approach where reactions are added
and adjusted by hand. This has the advantage of being able to directly alter data to fit
experiment, but ultimately results in the separation of data from physics. While nu-
clear data and nuclear physics are indeed not equivalent, nuclear data must be informed
and shaped by nuclear physics to address current and next-generation problems.

The use of data taken from the measurement of a nuclide with multiple reaction path-
ways introduces several subtleties. While codes such as Fispact-II will generate %
pathway contributions from each possible reaction, the accuracy of this allocation de-
pends entirely on the accuracy (and inclusion) of the cross-sections which are the
subject of the validation. When attempting to validate cross-sections with legacy
libraries, the fundamentally incomplete nature of their data prevents a trustworthy
pathway analysis. The completeness of TENDL enables an allocation of reaction path-
ways which, although still dependent on the cross-sections, will consider each reaction
whether or not an evaluator has decided to add data for it or not – completely elimi-
nating this flaw.

An important distinction must be made for those integral values which are taken from
experiments where the measured nuclide has multiple reaction pathways. While EX-
FOR datapoints are juxtaposed with the TENDL cross-sections, these are not directly
related to the C/E integral values – even in the same energy region. This caveat is
important for those EXFOR entries which are truly made without the contamination
of multiple reactions and where integral values (often from steels or alloys) are made
with non-negligible contributions from multiple nuclides/reactions. For cases where
multiple isotopes contribute with different reactions or multiple reactions with the
same target (such as the (n,d) and (n,np) reactions), the distinction between the in-
tegral and differential data may however not be very precise. The 96Mo(n,np)95mNb
reaction serves as a good example, where the Q-values for it and 96Mo(n,d)95mNb
are -9.30 and -7.07 MeV, respectively. The most recent (and impressively robust)
paper outlining molybdenum cross sections below 20 MeV only includes a value for
96Mo(n,X)95mNb [19]6. An enriched sample was used to isolate those reactions from the
stronger 95Mo(n,p)95mNb, but a brief survey of the EXFOR entries for these reactions
reveals considerable variation in the data and (more fundamentally) in the analysis
of multiple reaction pathways. While molybdenum presents an especially challenging
case for experimentalists, it is not difficult to find examples where EXFOR entries do
not treat multi-reaction measurements with this level of rigour.

For the integral data, an experimentalist measures some quantity such as heat or
activity and identifies a nuclide so that

M =
∑
i

λiNiσiqiφ = M

(∑
i

fi

)
(4)

where M is the measured quantity, λi are decay constants Ni are nuclei fractions, σi
are effective cross-sections, qi are measured units per decay of that nuclide and φ is

6Although the EXFOR entry lists is as “Reaction : (n,np)”.
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the scalar flux. Even when it is possible to isolate one nuclide, multiple paths with
various σi are often present. If it is possible to calculate a ratio of MC/ME for one
nuclide and only one path leads to the product, the effective cross-section ratio is
simply σC/σE = MC/ME . Otherwise to obtain useful data an attempt to deconvolve
the mix of errors from multiple pathways is required, where modification of cross-
sections changes the path percentages. Often little or no experimental data exists for
alternative paths, which could be the cause of discrepancies where the data might be in
perfect agreement – or alternatively errors/omissions in other paths can hide bad data
in a seemingly well-validated pathway. The need for higher-energy nuclear data drew
several pioneers to build a library which would consider those necessary activation
reactions whose experimental measurements are unfortunately contaminated by other
competing reactions.

The nature of these experiments prevents them from providing an ideal validation, but
the integral values can direct nuclear data analysts and experimentalists toward areas
of poor understanding. Consider the three nuclide measurements made at FNG whose
reaction pathways are summarised in Table 1.

Table 1: Some FNG nuclide measurements which have mul-
tiple pathways for production.

Product Pathway(s) %

Ta182 W182(n,p)Ta182 49.4
W182(n,p)Ta182m(IT)Ta182 41.3
W182(n,p)Ta182n(IT)Ta182m(IT)Ta182 3.7
W183(n,d)Ta182 1.8

Sc47 Ti47(n,p)Sc47 41.2
Ti48(n,np)Sc47 25.9
Ti48(n,d)Sc47 18.1
V50(n,a)Sc47 9.7
V51(n,na)Sc47 5.4

In117 Sn117(n,p)In117 87.9
Sn117(n,p)In117m(IT)In117 1.5
Sn118(n,np)In117 6.9
Sn118(n,d)In117 3.1
Sn120(n,a)Cd117m(b-)In117 0.9

The Fispact-II simulation of a tungsten foil irradiation shows that 182Ta was pro-
duced almost exclusively through the (n,p) on 182W. There is reasonable confidence
that whatever uncertainty exists in the (n,d), its contribution will be less than the
TENDL-2017 uncertainty for the dominant reaction and this measurement can be
used to validate it. The break-down of isomer production, though impressive, is not
as certain. Different branching ratios could lead to the same overall result and the
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182W(n,p)182gTa, say, could not be validated by this measurement.

Useful information from the the 47Sc measurement of a vanadium alloy irradiation is
much more difficult to obtain. Four different target nuclides have reaction which pro-
duce 47Sc and two reactions have little or no differential data in EXFOR. Since several
reactions contribute relatively large fractions to the total 47Sc production, whatever
errors they may possess can substantially alter the overall C/E. This integral value
cannot be reasonably associated with one reaction without making making assump-
tions about several reaction rates which are more profound than any single-reaction
integral data. In scenarios such as this one, no detailed integral validation information
can be obtained.

The 117In example is more subtle and need not be dismissed as readily as the 47Sc.
The total (n,p) reaction comprises nearly 90% of the nuclide production while the
(n,np+d) and (n,a) reactions7 both possess EXFOR entries which broadly match the
TENDL-2017 cross sections. This agreement with (at least) some experimental data
for secondary pathways provides confidence that errors in those reactions are small
enough to allow the main reaction to be considered dominant. This report includes
the integral cross section for the 117Sn(n,p)117In from this experiment.

Instead of modifying reactions with competing pathways to the same nuclide, this
report takes the most natural estimator for the cross-section ratio:

σEi =
ME

MC
σCi ∀i. (5)

This does not account for all of the deviation in nuclide production for mixed-pathway
cases in the one reaction considered, but it is the most physically justifiable assumption.
Put another way, associating the over(under)-estimation of secondary paths with the
primary path and further increasing(decreasing) the primary cross-section may appear
more ‘honest’ regarding the total C/E value, but it does not correctly indicate how
cross-sections should be modified to better represent the true physical values. If hand-
modification of a legacy library was the objective, the previous assumption could be
appropriate and mis-allocation of some contribution from a secondary reaction to a
primary reaction can still result in more accurate calculations8. Isolation of a pathway
to ‘improve’ performance at the cost of faithfulness to the underlying physics is an
anathema of the TENDL methodology.

As indicated by the examples provided, only strongly dominant reaction pathways are
considered. Whenever an individual secondary reaction produces more than 10% of
the product nuclide, the differential data has been checked to determine if uncertainty
the (supposedly) minor contribution prevents trustworthy use of the dominant reaction

7Note that the modern EXFOR source [20] identifies the 118Sn(n,X)117In, which the TENDL-2017
sum of np+d agrees with.

8Of course this will always be limited to some specific regime(s), whereas correct modification of
physical parameters improves the library globally.
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for a validation. Very few reactions with less than 90% are included and exclusively
where agreement between TENDL and the differential experiments of minor pathways
provides the necessary assurance that the uncertainties in those paths are much less
than the uncertainty in the dominant.

3 Integral data experiments

Each of the following subsections contain cursory descriptions of all the experimental
measurements used in this validation report, divided into the working groups which
produced the data. The JAEA FNS data has been completely re-analysed using
Fispact-II with TENDL-2017 and the corresponding section describes the methods
employed. The ENEA FNG total heat measurements have also been re-analysed with
TENDL-2017 using the same technique, but with separate comparisons for gamma
and beta measurements. For the remaining experimental groups, experimental cross-
sections are taken from the previous EASY/EAF reports and only an experimental
description is provided. The 252Cf and Jülich cross-sections are taken directly from
publications. Since experimentalists cannot measure cross-sections directly but rely
upon codes and nuclear data libraries to calculate the cross-sections from their results,
these data are not as reliable as those produced by the complete analysis done for
FNS. Whenever a modification was made to the flux or data in any experiment, com-
ments on it are provided in the corresponding section. Pathway analysis for all but
the spontaneous fission of 252Cf and Jülich data are provided in Appendix A.

3.1 Japan Atomic Energy Agency data

A series of experiments were performed by the Japan Atomic Energy Agency (JAEA)
using the Fusion Neutron Source (FNS) facility [21, 22, 23, 24, 25], where materials
samples were irradiated in a simulated D-T field. The resulting decay power was
measured for cooling times of up to thirteen months using the highly sensitive Whole
Energy Absorption Spectrometer (WEAS) method, which measures both β and γ
emission decay energies. These measurements were made at selected cooling times
including, quite impressively, a few tens of seconds after irradiation.

A 2mA deuteron beam was fired on a tritiated titanium target. The resulting neu-
trons produced a flux of approximately 1E10 n cm−2 s−1 at the sample location. The
irradiation periods at the FNS were 5 minutes and 7 hours with different sample
locations for each irradiation duration. The neutron spectrum for the 5 minute irradi-
ations (fns 5min) is shown in Figure 7(c) and the spectrum for the 7 hour irradiation
(fns 7hour) in Figure 7(d).

The flux from position 7 in the 7 hour irradiation possessed a zero flux value between
0.1-1 eV with a non-zero value in the <0.1 eV group. This unphysical result indicates
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that the low energy flux is not accurately characterised and for this report the flux
was cut at 1 eV.

The full and more detailed analysis of these experiments has been published in an-
other report using the Fispact-II system with TENDL [7]. In that report, the total
measured heat and calculated heat were compared over the period of decay heat mea-
surements. By comparing the two at a time-period where the heat from a specific
product is dominant, a C/E value can be obtained for the reaction(s) which produce
that nuclide. The data for a 5 minute irradiation of Inconel-600 is shown in Figure 1,
where TENDL-2017, ENDF/B-VIII.0, JEFF-3.3 and JENDL-4.0u are each compared.
The dominant nuclides are shown with their relative contribution in the TENDL-2017
result. From this analysis, where the heat is almost entirely from one radionuclide we
consider it a test of the cross section for its production.
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Figure 1: Total decay simulation for an FNS 5 minute irradiation of Inconel-600,
with experimental results compared against calculated solutions using Fispact-II with
different nuclear data libraries. The grey band represents uncertainty from TENDL-
2017. Individual radionuclide contributions are shown for those that are dominant in
the time-periods that were measured.

The 52V and 56Mn nuclides can be isolated from the measurements of this experiment9

since they are the dominant nuclides for heat production at particular measurements.

9The nuclide contribution graphs with all isotopes in the full report [7] make these distinctions
clear.
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In this Inconel example, the 52V C/E is taken from comparison with the measurement
closest to its half-life, where it contributes over 90% of the total heat output. The
C/E is determined by comparing the measured and calculated heat at the data point
nearest to the half-life of the nuclide in question. A summary of the products, their
half-lives, the pathways for production and uncertainty from the experiment have been
drawn directly from the decay heat validation, while the pathway breakdowns for these
reactions are summarised in Tables 54 and 55 of the appendix.

3.2 Technische Universität Dresden data

Experiments were carried out by the Technische Universität Dresden (TUD) group in
collaboration with RRC KI Moscow and CCA Sergiev Posad using the high-intensity
neutron generator SNEG-13 [26]. Neutrons were generated by 280 keV deuteron bom-
bardment on a rotating tritiated titanium target. Neutrons emitted at angles of 4◦

and 73◦ were used to irradiate samples. Note that the ‘peak fusion spectra’ made
available for calculations does not include the energy regions below 10 MeV, as seen
in the flux spectra of figures 7(f) and 8(a). Although measurements were recorded
for products made with non-negligible thermal/intermediate reaction pathways, reli-
able calculations cannot be performed without accurate lower-energy flux data. The
measurements from the irradiation of vanadium alloy samples V3Ti1Si, V4Ti4Cr and
V5Ti2Cr are available in [27, 28].

Steel samples of SS-316, Eurofer-97 and F82H were irradiated with the same SNEG-13
setup. The original data can be found in [27, 29]. Ceramic samples of LiSO4 and
SiC were also irradiated using SNEG-13. The original data can be found in [30, 31].
Tungsten samples were irradiated using SNEG-13 with limited measurements made in
the 77◦ position. The original data is available in [32]. Note that the SNEG-13 flux
was not determined outside the 14 MeV D-T peak and there has been no modification
in this report.

Following the collaboration with SNEG-13, a new D-T neutron generator was built
in the early 2000s which operated with 10 mA 300 keV deuterium bombardment of
tritiated targets. The target could be fixed or rotated and the generator could be
operated in sustained or pulsed modes. A full neutron spectrum for each separate
irradiation was provided based on neutronics simulations and standard foil calibrations.
A copper alloy CuCrZr was irradiated with a neutron spectrum (tud cucrzr) given in
Figure 8(b) and the original data can be found in [33]. This neutron spectrum was
already cut at 10 eV and no modification was made in this report.

Later experiments at TUD irradiated yttrium, tantalum and lead. Each of these has
a unique neutron spectrum (tud Y, tud Ta and tud Pb), shown in figures 8(f), 8(e)
and 8(d), respectively. The original data can be found in [34, 35, 36]. Erbium and
lanthanum measurements were subsequently carried out [37, 38, 39] with one spectrum
(tud Er), shown in Figure 8(c), used for all calculations. All of these spectra were
produced without knowledge of the thermal neutron flux, as indicated by the sharp
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drop in the last energy group. They have therefore been cut at 1E-1 eV.

3.3 Forschungzentrum Karlsruhe data

Experiments carried out by the group at Forschungzentrum Karlsruhe (FZK) used a 19
MeV deuteron beam of the Karlsruhe isochronous cyclotron for a deuteron-beryllium
neutron source. This produced a neutron flux of up to 3E11 cm−2s−1 over a 1 cm2

target sample. The spectra produced in these experiments do not show any strong
peak and extends to energies beyond 20 MeV, leading to the name ‘white fast-neutron
spectrum’. The neutron spectra were calculated using neutronics simulations and foil
activation calibrations, but required nuclear data above 20 MeV, introducing com-
plexities for the analysis based on FENDL2.0/A [40]. In total, two separate spectra
(fzk 1 and fzk 2) were determined for different experimental campaigns which irradi-
ated numerous samples, as shown in figures 4(a) and 4(b). Steel and vanadium alloy
irradiations of V3Ti1Si, V5Ti2Cr and Eurofer-97 were done in [41].

A collection of elemental samples were irradiated including copper and nickel. Two
separate tungsten experiments were performed with different measurement diagnostics
[41]. A lithium orthosilicate sample was irradiated in the same d-Be setup. The original
data is available in [41].

A separate experimental facility at FZK using a d-Li neutron source [42, 43, 44] –
similar to that proposed for IFMIF, but with much lower intensity – was used for
activation of steels and vanadium alloys. The spectrum (fzk ss316) is shown in Figure
4(c). The source consists of a 40 MeV beam of deuterons incident on a thick lithium
target (22 mm thickness enclosed in a stainless steel case). Although a 3 µA beam of
52 MeV deuterons was used, the approximate energy of the deuterons on entering the
lithium was 40 MeV. The neutron flux was about 4.3E-9 cm−2s−1.

All of these experiments aimed to probe high-energy reactions, ostensibly in prepa-
ration for proposed material irradiation facilities. The fluxes of both d-Be and d-Li
experiments were not well-characterised in the <10 eV range, where the peak popula-
tions were some 10−6 of the peak. The flux was cut at 10 eV with <1% change on all
reactions, including the 186W(n,γ).

3.4 Frascati Neutron Generator data

Experiments carried out at the Ente Nazionale per l’Energia Atomica (ENEA)10 Fras-
cati Neutron Generator (FNG) group used a neutron reflector to form an irradiation
cavity where the neutron spectrum mimics that of a first wall in a typical fusion reac-
tor. Samples could be irradiated at several distances form the approximately 14 MeV

10This is the original name given in 1982 for the agency now known as the Agenzia nazionale per le
nuove tecnologie, l’energia e lo sviluppo economico sostenibile.
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neutron source, enclosed within the cavity. The perspex/polyethylene neutron reflector
was attached to a mock-up of the ITER inboard shielding. The neutron spectrum was
determined through neutronics calculations with multi-foil activation and unfolding.

Vanadium alloy measurements of V4Cr4Ti were carried out in [45] using the spectrum
(fng vanad) shown in Figure 6(c). Steel results for F82H and Eurofer-97 are available
in [46, 47, 48]. The specta for these (fng f82h and fng eurofer) are shown in figures
5(c) and 5(b).

Measurements from silicon carbide irradiations were presented in [49, 50]. The spec-
trum for these irradiations (fng SiC) is shown in Figure 7(a).

A collection of elemental foils including tungsten, chromium, hafnium, niobium, copper
and iron were irradiated in [51, 52, 53, 49]. The various spectra are generally listed
by sample (fng tung, fng Cr, fng hafnium), which are shown in figures 6(d), 4(e) and
5(d). Note that the Nb, Cu and Fe data appear in the SiC reference, using the same
fng SiC spectrum.

Measurements of the activation products of a CuCrZr alloy are available in [54]. The
spectrum (fng cucrzr) is shown in Figure 4(f).

A new detector at FNG [55] with capabilities to distinguish between gamma and beta
heat contributions was used to collect data for a collection of materials. A set of
foils including Al, Cd, Cu, Hf, Mg, Mo, Nb, Ni, Pb, Re, Sn, Ti, W and Zr were
irradiated with the fng heat spectrum shown in Figure 6(f). Since total heat, rather
than identifiable spectroscopic peaks, was measured in these experiments the analysis
is particularly sensitive to modifications in nuclear data. All of these measurements
have been re-analysed using Fispact-II with TENDL-2017. For any nuclide that was
responsible for the majority of the heat (in simulation) for any of the measurement
times, the point which is strongest is compared with the experimental result to give a
C/E value. An example of one experiment is given in Figure 2, which shows the decay
heat from irradiation of a nickel sample.

The simulation includes many nuclides which contribute to the total decay power, but
at any given time one nuclide may contribute the vast majority. For example, 62Co is
strongly dominant before 200 s and the first measurement is dominated by this nuclide.
The break-down of emitted particles responsible for decay heat allows for identification
of dominant nuclides in the subsequent measurements, where the stronger 62mCo γ-
decay and 60mCo β-decay can be distinguished from each other. Focusing on the
measurements taken, as in Figure 3, the determination of C/E from this experiment
is based on the measurements which most isolate each nuclide and respect the known
decay half-lives of the nuclides.

Since the 62Co is both a dominant gamma and beta emitter, the total decay heat from
the first measurement is used for comparison. The 62mCo comparison is derived from
the the point where it most dominates gamma heat, in this case the fourth measure-
ment. The 60mCo most strongly dominants beta heat in the third measurement, which
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Figure 2: Total beta and gamma heat from irradiation of a nickel sample at FNG
against Fispact-II simulation with TENDL-2017. The grey band represents uncer-
tainty from TENDL-2017. Nuclides are listed at (x,y) positions which are their initial
heat at EOI and half-life.
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at FNG against Fispact-II simulation with TENDL-2017.
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is used as the C/E.

New analysis has been performed with all of the heat measurements at FNG using
the original experimental data kindly given by the primary experimentalist, M. Pillon.
Several new product nuclides have been unearthed in the reanalysis and a few spuri-
ous allocations have been eliminated11. A complete summary of the C/E values and
the resulting experimental effective cross sections, as well as the spectroscopic heat
measurement types, is included in Table 2.

Table 2: FNG heat measurements extracted from analysis
using TENDL-2014 [12] in order to determine effective cross
sections that are used in the current TENDL-2017 analysis.

Reaction σexp(b) ∆σexp(b) Spec.

Mg-24(n,p)Na-24 1.98E-01 1.01E-02 total

Mg-25(n,p)Na-25 7.17E-02 2.01E-03 beta

Al-27(n,p)Mg-27 7.24E-02 1.16E-03 total

Al-27(n,a)Na-24 1.00E-01 2.10E-03 gamma

Ti-48(n,p)Sc-48 1.06E-01 6.15E-03 gamma

Ti-49(n,p)Sc-49 3.97E-02 2.22E-03 beta

Ti-50(n,p)Sc-50 1.86E-02 5.88E-04 total

Ni-60(n,p)Co-60 4.38E-02 2.36E-03 beta

Ni-62(n,p)Co-62 2.15E-02 6.53E-04 total

Ni-62(n,p)Co-62m 2.33E-02 8.39E-04 gamma

Cu-63(n,2n)Cu-62 5.60E-01 5.72E-02 total

Zr-90(n,2n)Zr-89m 1.48E-01 8.61E-02 gamma

Zr-94(n,p)Y-94 8.06E-03 1.20E-03 beta

Mo-92(n,2n)Mo-91 2.76E-01 7.16E-03 total

Nb-93(n,a)Y-90 1.35E-02 3.28E-03 beta

Nb-93(n,2n)Nb-92m 2.53E-03 3.18E-04 gamma

Ag-107(n,2n)Ag-106 9.67E-01 2.51E-02 total

Ag-109(n,2n)Ag-108 9.61E-01 2.50E-02 beta

Cd-112(n,2n)Cd-111m 7.03E-01 2.64E-02 total

Sn-124(n,2n)Sn-123m 5.84E-01 2.51E-02 beta

Hf-180(n,n)Hf-180m 4.41E-02 2.42E-03 gamma

Hf-180(n,p)Lu-180 3.79E-03 3.00E-04 gamma

Re-185(n,2n)Re-184 2.58E+00 2.17E-01 gamma

W-186(n,2n)W-185 5.64E-01 9.35E-02 total

W-186(n,p)Re-186 2.86E-03 1.48E-04 total

Re-187(n,2n)Re-186 9.54E-01 5.25E-02 beta

Pb-204(n,n)Pb-204m 8.15E-02 3.83E-03 gamma

11Every supposedly dominant nuclide from previous analysis has been identified in this work, but
the more trustworthy reaction set given by TENDL-2017 provides better allocation of heat output
from a complete set of product nuclides.
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3.5 Jülich Nuclear Physics Group data UKAEA-R(18)004
Integro-Differential Validation

Separate elemental foils of scandium, samarium and dysprosium were irradiated with
a different spectrum (fng Dy) shown in Figure 5(a). The original data can be found
in [56, 57, 58].

Measurements from the irradiation of yttrium, molybdenum, tantalum, rhenium and
tin were made in [59, 60, 61, 62, 63, 64]. Each of these use an individual neutron
spectrum labelled by fng X where X is the element. The various spectra are shown in
figures 6(e), 5(e), 6(b), 5(f) and 6(a), respectively. No FNG fluxes were modified.

3.5 Jülich Nuclear Physics Group data

The importance of integral data in spectra extending above 20 MeV led the authors
of previous reports to perform literature search for historical measurements that could
be used for validation. A series of papers from the group in Jülich led by Qaim
[65, 66, 67, 68, 69, 70, 71, 72, 73, 74, 75, 76] has been used. A d-Be neutron spectrum
was derived based on the work of Schweimer [77] and Meulders et al. [78]. The data
were fitted to the analytic function

φ(E) = C(BEd)−1/2(1 + y2)−3/2 (6)

y =
E − Ed√

BEd(2 + Es)
(7)

where E is the incident neutron energy, Ed is the deutron energy, B is the binding
energy and C is a normalisation constant. This was then converted into the 211-
group VITAMIN-J+ structure. A spectrum derived from Equation (6) was used for
calculations, as shown in Figure 4(d). Three campaigns with separate flux magnitudes
are referenced throughout as d-Be, d-Be2a and d-Be3.

3.6 National Physics Institute Řež data

Experiments at the National Physics Institute (NPI) Řež used a 37 MeV proton beam
driven by the NPI cyclotron to strike a flowing D2O target [79]. The resulting p-
D2O spectrum was calculated using the Los Alamos high energy proton data library
LA-150h with MCNPX and compared with scintillation detector measurements and
standard aluminium foil measurements. Considerable effort was taken to characterise
the spectrum in detail. Note that this spectrum extends in energy above 20 MeV and
is therefore very important in the validation of libraries such as TENDL. The initial
version of the Řež spectrum12 was recognised as incorrect as it was measured at a
large distance from the sample and so was not really representative of the spectrum in
the sample. Following considerable efforts a new spectrum (rez DF) was produced [80]

12Found as Figure 12 of [11] and referred to as rez NE.

UKAEA Page 23 of 531



3.7 Californium-252 spontaneous fission data UKAEA-R(18)004
Integro-Differential Validation

and this is shown in Figure 7(e). In the initial attempts to characterise the spectrum
several elemental foils were placed at a variety of positions 37-67 mm from the source
and γ measurements with high-purity Ge detectors were made [81]. Note that the
27Al(n, α)24Na, 209Bi(n, 4n)206Bi and 209Bi(n, 3n)207Bi reactions are based on averages
of several measurements.

Results from irradiation of Eurofer-97 measurements were made in [82]. Three separate
tungsten samples were irradiated in [83] and averaged data is used for the analysis in
this report. A tantalum sample was irradiated in [84]. Two separate irradiation periods
of 11.3 and 89.2 minutes were used with chromium samples in [85, 86].

Note that the rez DF neutron spectrum presented in previous reports still contained
unphysical variation of several orders of magnitude below 1 keV, as well as alternating
bins with zero and non-zero neutron populations. This flux was cut below 1 keV, where
the large statistical variations appear.

3.7 Californium-252 spontaneous fission data

Measurements using the spontaneous fission of 252Cf as a neutron source have been
extracted from EXFOR and analysed with the spectrum evaluated by Mannhart [87],
as shown in Figure 9(a). Note that this neutron spectrum is cut at 14.454 keV.
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(a) FZK neutron spectrum (fzk 1).
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(b) FZK neutron spectrum (fzk 2).
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(c) FZK neutron spectrum with SS316 (fzk ss316).
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(d) d-Be neutron spectrum (d-Be).
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(e) FNG neutron spectrum with Cr (fng Cr).
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(f) FNG neutron spectrum with Cu-Cr-Zr (fng cucrzr).

Figure 4: Experimental neutron spectra.
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(a) FNG neutron spectrum with Dy (fng Dy).
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(b) FNG neutron spectrum with Eurofer steel (fng eurofer).
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(c) FNG neutron spectrum (fng f82h).
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(d) FNG neutron spectrum with Hf (fng hafnium).
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(e) FNG neutron spectrum with Mo (fng Mo).
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(f) FNG neutron spectrum with Re (fng Re).

Figure 5: Experimental neutron spectra.
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(a) FNG neutron spectrum with Sn (fng Sn).
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(b) FNG neutron spectrum with Ta (fng Ta).
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(c) FNG neutron spectrum with V (fng vanad).
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(d) FNG neutron spectrum with W (fng tung).
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(e) FNG neutron spectrum with Y (fng Y).
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(f) FNG neutron spectrum (fng heat).

Figure 6: Experimental neutron spectra.
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(a) FNG neutron spectrum with Si-C (fng SiC).

1e+00

1e+01

1e+02

1e+03

1e+04

1e+05

1e+06

1e+07

1e+08

1e+09

1e+10

1e+11

 0.01  0.1  1  10  100  1000  10000  100000  1e+06  1e+07  1e+08

N
eu

tr
o
n
s 

p
er

 u
n
it

 l
et

h
ar

g
y

Energy (eV)

(b) FNG neutron spectrum with Sc-Sm-Gd (fng ScSmGd).
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(c) FNS neutron spectrum (fns 5min).
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(d) FNS neutron spectrum (fns 7hour).
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(e) Řež neutron spectrum (rez DF).
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(f) TUD neutron spectrum at 4◦ (sneg 1).

Figure 7: Experimental neutron spectra.
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(a) TUD neutron spectrum at 73◦ (sneg 2).
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(b) TUD neutron spectrum with Cu-Cr-Zr (tud cucrzr).
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(c) TUD neutron spectrum with Er-La (tud Er).
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(d) TUD neutron spectrum with Pb (tud Pb).
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(e) TUD neutron spectrum with Ta (tud Ta).
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(f) TUD neutron spectrum with Y (tud Y).

Figure 8: Experimental neutron spectra.
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(a) 252Cf spontaneous fission neutron spectrum
(cf252 flux 1).

Figure 9: Experimental neutron spectra.

4 Code and libraries

Fispact-II [4, 5], has been used to perform this validation exercise, using the most
up-to-date TENDL-2017 library [2]. The data library processing was performed using
CALENDF, NJOY and PREPRO. The cross sections, or excitation curves, are shown
in pointwise data plots against the relevant EXFOR data in the next section. The
library was processed into the CCFE 709 neutron energy multigroup and was collapsed
with the experimental fluxes of the previous section using Fispact-II.

All of the cross-sections in TENDL-2017 for low-Z nuclides, including 1,2,3H, 3,4He,
6,7Li, 9Be, 10,11B, 12,13C, 14,15N, 16O and 19F, are imported directly from ENDF/B-
VIII.0 without modification. As a result, the data for these nuclides end at 20 MeV
and contain problematic gaps, such as the absence of (n,t) and uncertainty data.

The strength of the TALYS/TENDL methodology for nuclear data lies in the consistent
production of an entire library. By building upon the most sophisticated nuclear models
available and producing data that can be validated against data in the regions where
experiments have been performed, TENDL can make the most robust predictions
for reaction properties where experimentalists have not yet ventured – and indeed
where they may not venture in the indefinite future, due to physical or budgetary
challenges. This methodology is absolutely required for simulations of systems where
the missing or improperly simplified nuclear data of major libraries may result in
erroneous calculations13, including fission/fusion reactors, a variety of proposed fast
fission reactors and higher-energy physics.

13Unfortunately without analysts even being aware of the discrepancies.
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Since TENDL transitions from defined pathway data (in the form of specified MT num-
bers) to a combined residual production MT=5, some high-energy reactions cannot be
specified when the reaction occurs above 30 MeV. For many of these reactions, the
pathways cannot be accurately isolated and the reactions have been removed in this
report. Reactions which have one unique pathway, such as (n,multi-n), are simple
sums of the appropriate <30 and >30 MeV values, however reactions with outgoing
particles such as 3H and 3He are taken from total production cross-sections. These are
values produced by the NJOY GASPR module which sums over all of the appropriate
pathways:

mt mt203 mt204 mt205 mt206 mt207
________ _____ _____ _____ _____ _____

11 0.0 1.0 0.0 0.0 0.0
22 0.0 0.0 0.0 0.0 1.0
24 0.0 0.0 0.0 0.0 1.0
28 1.0 0.0 0.0 0.0 0.0
29 0.0 0.0 0.0 0.0 2.0
32 0.0 1.0 0.0 0.0 0.0
33 0.0 0.0 1.0 0.0 0.0
34 0.0 0.0 0.0 1.0 0.0
41 1.0 0.0 0.0 0.0 0.0
44 2.0 0.0 0.0 0.0 0.0
45 1.0 0.0 0.0 0.0 1.0

103 1.0 0.0 0.0 0.0 0.0
104 0.0 1.0 0.0 0.0 0.0
105 0.0 0.0 1.0 0.0 0.0
106 0.0 0.0 0.0 1.0 0.0
107 0.0 0.0 0.0 0.0 1.0
108 0.0 0.0 0.0 0.0 2.0
111 2.0 0.0 0.0 0.0 0.0
112 1.0 0.0 0.0 0.0 1.0
115 1.0 1.0 0.0 0.0 0.0
116 1.0 0.0 1.0 0.0 0.0
117 0.0 1.0 0.0 0.0 1.0

Since the helion and tritium production reactions often have large cross-sections above
30 MeV, this will be essential for experiments with neutron spectra in that region,
such as the d-Be and d-Li experiments. This is made clear with the notation (n,Xt)
and (n,Xh) which are calculated from a Fispact-II collapse using the MT=205 and
MT=206 cross-sections. In some cases the experiments cited directly measured this
product14, and the total tritium production is certainly the correct cross-section to
compare with. The total values may be overestimated when multi-particle reactions
make a substantial contribution to the reaction rate.

14For example, 27Al(n,t)25Mg, which has a stable residual.
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5 Comparison of results

A summary of the reactions covered in the 920 integral data and C/E values is provided
in the following Table 3. The remainder of this section is comprised of individual pages
for each reaction for which integral data was available. The first figure on each page
includes C/E points and error bands for each experimental integral value, plotted
against a horizontal gray region which indicates the uncertainty of the effective cross-
section calculation based upon TENDL uncertainty data. Note that the low-Z nuclide
results (excepting 19F(n,p) and 19F(n,2n)) which are based on ENDF/B-VIII.0 data
have no uncertainty due to omissions in those libraries. Experimental results which
overlap with the calculated band generally support the validation of the data library
and Fispact-II calculations while discrepancies indicate that either the methods, data
or experiments contain some flaws. The second graph shows the TENDL differential
cross-section plotted against all of the EXFOR data [18] available for the reaction.
Note that for readability of the graphs, only the labels of the first 30 EXFOR entries
have been kept, although all data-points are shown. In several of these cases the surfeit
of data demands more detailed analysis, for example with primary fission or common
detector reactions.

Although uncommon, a few rather exotic15 EXFOR entries are not shown in the dif-
ferential plots that follow. This exclusively occurs when there are several sets of ex-
perimental evidence (>10) that show broad agreement between themselves and with
the TENDL data, and when the outlying data falls so far away from all other data
that it would require axes that do not show the structure of the TENDL cross-section.

All reactions with target nuclides up to bismuth are included in this section, while
plots for actinides can be found in Appendix B.

15These entries may indeed be members of the ‘suspicious’ EXFOR data [88] which could be subject
to modification in the future.
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Table 3: Summary of reactions with integral data measure-
ments

Reaction Spectrum σexp(b) ∆σexp(b) C/E

B-10(n,t)Be-8 cf252 flux 1 5.00E-02 2.50E-02 2.06

N-14(n,2n)N-13 fns 5min 7.10E-03 1.14E-03 0.98

N-14(n,g)N-15 cf252 flux 1 4.80E-06 2.40E-06 7.58

O-16(n,p)N-16 fns 5min 3.16E-02 2.21E-03 1.06

F-19(n,2n)F-18 fns 5min 4.80E-02 2.40E-03 1.00
cf252 flux 1 1.08E-05 1.60E-06 1.81
cf252 flux 1 1.63E-05 5.00E-07 1.20

F-19(n,p)O-19 fns 5min 1.44E-02 7.21E-04 1.14

Ne-20(n,t)F-18 d-Be 6.82E-03 1.50E-03 2.02
d-Be 7.50E-03 1.50E-03 1.84

Na-23(n,2n)Na-22 fns 7hour 3.80E-02 2.28E-03 0.85
fzk 1 4.60E-03 2.76E-03 1.30

Na-23(n,g)Na-24 cf252 flux 1 3.35E-04 1.50E-05 0.89
fns 7hour 2.51E-04 3.26E-05 0.91
fns 5min 2.88E-04 1.18E-04 1.15

Na-23(n,p)Ne-23 fns 5min 2.26E-02 1.81E-03 1.42

Na-23(n,t)Ne-21 d-Be 1.45E-02 2.50E-03 0.92

Mg-24(n,p)Na-24 fns 5min 1.56E-01 1.87E-02 0.99
cf252 flux 1 1.94E-03 9.29E-05 1.10
cf252 flux 1 2.01E-03 6.00E-05 1.06
fng heat 1.98E-01 1.01E-02 0.80

Mg-24(n,t)Na-22 d-Be 4.38E-03 8.11E-04 0.91
d-Be 6.90E-03 1.00E-03 0.58

Mg-25(n,p)Na-25 fns 5min 6.14E-02 6.75E-03 0.87
fng heat 7.17E-02 2.01E-03 0.76

Mg-26(n,a)Ne-23 fns 5min 5.83E-02 6.42E-03 0.86

Al-27(n,p)Mg-27 fns 5min 5.75E-02 3.45E-03 1.06
fng heat 7.24E-02 1.16E-03 0.85
cf252 flux 1 4.89E-03 1.79E-04 0.97
cf252 flux 1 4.80E-03 9.00E-05 0.99

Al-27(n,t)Mg-25 d-Be3 1.40E-03 4.20E-04 1.14
d-Be3 1.51E-03 3.00E-04 1.06
d-Be 7.80E-03 1.20E-03 0.94

Al-27(n,h)Na-25 d-Be2a 3.18E-03 5.80E-04 1.50
d-Be2a 2.80E-03 5.60E-04 1.70

Al-27(n,a)Na-24 fzk 1 3.40E-02 6.80E-03 0.87
fng vanad 9.46E-02 8.92E-03 0.86
sneg 1 1.25E-01 2.25E-02 0.86
sneg 2 1.35E-01 2.29E-02 0.86
fng f82h 6.66E-02 6.86E-03 1.46
cf252 flux 1 1.01E-03 2.20E-05 1.02
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Reaction Spectrum σexp(b) ∆σexp(b) C/E

cf252 flux 1 8.60E-04 5.00E-05 1.20
rez DF 2.47E-02 2.90E-04 1.31
d-Be2a 4.45E-02 6.45E-03 0.84
d-Be3 4.50E-02 8.00E-03 1.20
rez DF 1.15E-01 2.65E-03 0.28
fns 7hour 1.19E-01 1.42E-02 0.92
fng heat 1.00E-01 2.10E-03 1.02

Si-28(n,p)Al-28 fns 5min 1.94E-01 1.94E-02 1.11
fng SiC 2.10E-01 6.29E-03 1.00
fzk 1 6.30E-02 1.57E-02 1.58
sneg 1 2.79E-01 1.24E-02 0.82
cf252 flux 1 7.12E-03 2.35E-04 1.09
cf252 flux 1 9.66E-03 5.50E-04 0.80

Si-28(n,t)Al-26 d-Be 3.75E-03 8.23E-04 1.39

Si-29(n,p)Al-29 fns 5min 1.16E-01 1.05E-02 1.04
fng SiC 1.16E-01 5.79E-03 1.03
fzk 1 3.20E-02 4.80E-03 1.29
sneg 1 1.32E-01 4.11E-03 1.01
cf252 flux 1 1.79E-03 7.90E-04 1.79

Si-29(n,2p)Mg-28 fzk 1 8.60E-06 1.03E-06 0.19

Si-30(n,p)Al-30 sneg 1 7.35E-02 3.27E-03 0.53

Si-30(n,a)Mg-27 fns 5min 5.41E-02 4.87E-03 1.29
fng SiC 5.47E-02 2.19E-03 1.26
sneg 1 7.36E-02 4.42E-03 1.07

P-31(n,p)Si-31 cf252 flux 1 3.35E-02 2.00E-03 1.13

P-31(n,t)Si-29 d-Be 7.80E-03 1.20E-03 1.92

P-31(n,h)Al-29 d-Be2a 2.88E-03 5.80E-04 2.64

P-31(n,a)Al-28 fns 5min 1.12E-01 1.79E-02 0.99
d-Be2a 3.74E-02 6.45E-03 1.08

S-32(n,p)P-32 fns 7hour 2.29E-01 1.61E-02 0.94
cf252 flux 1 6.46E-02 3.80E-03 1.14
cf252 flux 1 7.25E-02 2.95E-03 1.02
cf252 flux 1 6.84E-02 3.42E-04 1.08

S-32(n,t)P-30 d-Be 4.13E-03 7.86E-04 2.43

S-34(n,p)P-34 fns 5min 1.91E-02 9.96E-03 3.82

S-34(n,a)Si-31 fns 5min 1.19E-01 8.36E-03 0.97

Cl-35(n,2n)Cl-34m fns 5min 6.64E-03 3.32E-04 1.33

Cl-35(n,t)S-33 d-Be 7.61E-03 1.52E-03 1.63

Cl-37(n,p)S-37 fns 5min 1.68E-02 1.01E-03 1.04

Cl-37(n,a)P-34 fns 5min 3.01E-02 1.80E-03 0.93

Ar-40(n,t)Cl-38 d-Be 5.20E-03 1.20E-03 3.10
d-Be 1.90E-02 5.00E-03 0.85

K-39(n,2n)K-38g fns 5min 4.92E-03 2.95E-04 1.05
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K-39(n,pa)S-35 fns 7hour 1.15E-03 7.16E-04 1.67

K-41(n,g)K-42 fns 7hour 7.92E-04 9.51E-05 2.86

K-41(n,h)Cl-39 d-Be2a 1.44E-03 4.30E-04 3.38

K-41(n,a)Cl-38 fns 5min 2.67E-02 1.60E-03 1.18

Ca-40(n,t)K-38 d-Be 4.94E-03 8.24E-04 3.05
d-Be 9.50E-03 1.50E-03 1.59

Ca-40(n,h)Ar-38 d-Be2a 6.02E-03 1.20E-03 1.38

Ca-42(n,p)K-42 fns 7hour 2.09E-01 1.67E-02 0.89

Ca-44(n,p)K-44 fns 5min 3.70E-02 2.96E-03 1.03

Ca-44(n,t)K-42 d-Be 2.10E-02 4.00E-03 0.69

Ca-48(n,2n)Ca-47 fns 7hour 9.80E-01 9.80E-02 0.93

Sc-45(n,2n)Sc-44g fns 5min 1.69E-01 1.01E-02 0.95
fng ScSmGd 1.19E-01 3.81E-04 1.44

Sc-45(n,2n)Sc-44m fng ScSmGd 1.09E-01 5.11E-03 1.07

Sc-45(n,h)K-43 d-Be2a 1.87E-03 4.30E-04 2.34
d-Be2a 3.18E-03 6.35E-04 1.37

Sc-45(n,a)K-42 fng ScSmGd 4.74E-02 4.13E-03 1.09
d-Be2a 1.38E-02 2.37E-03 1.30

Ti-46(n,2n)Ti-45 sneg 1 5.82E-02 7.57E-03 1.02
cf252 flux 1 9.30E-05 3.10E-05 0.13

Ti-46(n,p)Sc-46 fzk 2 1.21E-01 1.32E-02 0.94
cf252 flux 1 1.38E-02 3.00E-04 1.00
cf252 flux 1 1.36E-02 1.21E-03 1.02
cf252 flux 1 1.24E-02 1.20E-03 1.12
cf252 flux 1 1.39E-02 1.21E-03 1.00
rez DF 7.82E-02 1.82E-03 1.31
sneg 1 2.38E-01 3.58E-02 0.93
fng vanad 1.03E-01 6.29E-03 1.67
fzk 1 8.10E-02 1.10E-02 1.40
d-Be3 1.26E-01 2.40E-02 1.16
fns 7hour 2.37E-01 1.42E-02 0.96

Ti-47(n,p)Sc-47 cf252 flux 1 2.03E-02 1.10E-03 0.96
cf252 flux 1 1.89E-02 4.00E-04 1.03
cf252 flux 1 1.94E-02 9.70E-05 1.01
cf252 flux 1 2.20E-02 9.00E-04 0.89
cf252 flux 1 2.16E-02 1.18E-03 0.91

Ti-48(n,p)Sc-48 fns 7hour 6.44E-02 3.87E-03 0.91
fns 5min 5.55E-02 2.78E-03 0.98
fng heat 1.06E-01 6.15E-03 0.53
cf252 flux 1 4.20E-04 1.00E-05 1.03
cf252 flux 1 4.17E-04 1.59E-05 1.03
cf252 flux 1 3.80E-04 2.00E-05 1.13
fzk ss316 9.52E-03 6.32E-04 2.11
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fzk 1 4.61E-03 4.61E-04 2.89

Ti-48(n,t)Sc-46 d-Be 9.61E-04 2.29E-04 4.36
d-Be3 7.03E-05 2.05E-05 3.63

Ti-49(n,p)Sc-49 fng heat 3.97E-02 2.22E-03 0.92

Ti-50(n,p)Sc-50 fns 5min 1.28E-02 7.71E-04 1.07
fng heat 1.86E-02 5.88E-04 0.77

Ti-50(n,a)Ca-47 fng vanad 9.19E-03 2.05E-03 0.53

V-51(n,na)Sc-47 fzk ss316 5.33E-03 1.27E-04 1.48
d-Be2a 9.03E-03 2.15E-03 2.82
d-Be3 3.50E-03 8.00E-04 1.37
rez DF 4.58E-03 6.01E-05 1.66

V-51(n,g)V-52 fng vanad 6.53E-02 3.98E-03 1.07
cf252 flux 1 2.80E-03 3.00E-04 0.97

V-51(n,p)Ti-51 fns 5min 2.37E-02 1.18E-03 1.11
fng vanad 2.01E-02 1.11E-03 1.07
sneg 1 2.75E-02 1.92E-03 1.05
cf252 flux 1 7.10E-04 1.10E-04 0.76
cf252 flux 1 9.30E-04 1.00E-04 0.58
cf252 flux 1 7.13E-04 5.88E-05 0.75

V-51(n,t)Ti-49 d-Be3 5.00E-04 1.50E-04 0.99
d-Be 4.40E-03 1.00E-03 1.15

V-51(n,h)Sc-49 d-Be2a 1.59E-03 4.30E-04 1.66
d-Be2a 1.34E-03 2.69E-04 1.97
d-Be3 2.50E-04 8.00E-05 0.27

V-51(n,a)Sc-48 fns 7hour 1.59E-02 9.55E-04 0.98
fng f82h 1.67E-02 4.00E-03 0.87
sneg 1 1.70E-02 6.38E-04 1.02
sneg 2 1.59E-02 7.39E-04 1.01
cf252 flux 1 3.88E-05 1.20E-06 1.00
fzk ss316 6.30E-03 2.78E-04 0.89
fzk ss316 5.89E-03 1.54E-04 0.96
fzk ss316 5.80E-03 1.36E-04 0.97
fng vanad 1.34E-02 6.97E-04 0.93
d-Be2a 1.05E-02 1.72E-03 0.80
rez DF 5.12E-03 9.40E-05 0.91

Cr-50(n,2n)Cr-49 fng vanad 2.29E-02 4.29E-03 0.88
fng Cr 3.01E-02 5.82E-03 0.82
fzk ss316 3.50E-02 1.23E-02 0.65
fzk ss316 6.79E-02 1.90E-02 0.34
fzk ss316 3.61E-02 1.34E-02 0.63
rez DF 2.27E-02 4.54E-04 0.86
rez DF 2.79E-02 1.68E-03 0.70
fns 5min 4.78E-02 2.87E-03 0.51

Cr-52(n,2n)Cr-51 fns 7hour 3.37E-01 2.02E-02 1.00
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fzk 2 3.90E-02 5.85E-03 1.21
fng Cr 3.38E-01 3.05E-02 1.03
fng cucrzr 4.62E-01 3.69E-02 0.75
tud cucrzr 3.27E-01 3.53E-02 1.14
fng vanad 2.76E-01 2.27E-02 1.03
fng f82h 3.25E-01 4.12E-02 1.01
fng eurofer 3.18E-01 2.26E-02 0.96
sneg 1 5.18E-01 1.26E-02 0.80
fzk ss316 1.79E-01 4.00E-03 0.88
fzk ss316 1.77E-01 3.76E-03 0.89
fzk ss316 1.98E-01 6.02E-03 0.80
rez DF 1.31E-01 9.71E-04 1.00
rez DF 1.22E-01 2.44E-03 1.07
rez DF 1.40E-01 2.81E-03 0.94

Cr-52(n,p)V-52 fns 5min 6.60E-02 4.62E-03 1.15
sneg 1 8.11E-02 4.49E-03 1.01
fng Cr 7.12E-02 9.92E-03 1.07
cf252 flux 1 1.07E-03 7.00E-05 1.15
rez DF 1.80E-02 8.30E-04 1.34

Cr-52(n,t)V-50 d-Be3 2.03E-04 6.09E-05 0.98
d-Be3 1.65E-04 3.35E-05 1.21
d-Be 3.05E-02 3.50E-03 0.11

Cr-53(n,3n)Cr-51 d-Be3 1.06E-02 1.60E-03 0.74

Cr-53(n,p)V-53 sneg 1 5.95E-02 5.89E-03 0.90
cf252 flux 1 3.06E-04 2.70E-05 1.81
rez DF 3.84E-03 1.85E-03 3.66

Cr-53(n,h)Ti-51 d-Be3 2.60E-04 8.00E-05 0.32

Cr-54(n,a)Ti-51 rez DF 2.05E-03 1.54E-05 1.58

Mn-55(n,2n)Mn-54 fns 7hour 7.32E-01 3.66E-02 0.97
cf252 flux 1 5.80E-04 1.40E-04 0.73
cf252 flux 1 4.08E-04 9.00E-06 1.04

Mn-55(n,g)Mn-56 fns 7hour 7.20E-04 5.04E-05 1.12
fns 5min 4.00E-03 2.80E-04 1.12

Mn-55(n,p)Cr-55 fns 5min 2.45E-02 1.47E-03 1.11

Mn-55(n,t)Cr-53 d-Be 4.90E-03 1.20E-03 1.77
d-Be3 6.40E-04 2.00E-04 2.12
d-Be3 1.40E-03 2.80E-04 0.97

Mn-55(n,h)V-53 d-Be2a 1.38E-03 6.88E-04 1.88
d-Be2a 1.79E-03 3.59E-04 1.45

Mn-55(n,a)V-52 fns 5min 2.06E-02 1.23E-03 1.16
d-Be2a 7.31E-03 1.51E-03 1.32

Fe-54(n,2n)Fe-53 sneg 1 9.23E-03 2.58E-03 1.44

Fe-54(n,3n)Fe-52g fzk ss316 1.08E-04 5.38E-05 1.01
fzk ss316 1.17E-04 1.63E-05 0.94

UKAEA Page 37 of 531



UKAEA-R(18)004
Integro-Differential Validation

Reaction Spectrum σexp(b) ∆σexp(b) C/E

rez DF 3.76E-05 1.09E-06 0.90

Fe-54(n,p)Mn-54 fns 7hour 3.34E-01 3.68E-02 0.88
sneg 1 3.09E-01 1.54E-02 0.89
sneg 2 3.43E-01 1.71E-02 0.92
fzk 2 2.87E-01 4.30E-02 0.96
fng f82h 2.69E-01 1.90E-02 0.99
cf252 flux 1 8.46E-02 2.00E-03 1.02
cf252 flux 1 9.25E-02 5.00E-03 0.94
cf252 flux 1 8.78E-02 8.78E-04 0.99
cf252 flux 1 8.76E-02 4.35E-03 0.99
cf252 flux 1 7.90E-02 3.00E-03 1.10
fzk 1 2.82E-01 2.82E-02 0.97
fzk ss316 2.19E-01 4.56E-03 1.02
fzk ss316 2.11E-01 4.58E-03 1.05
rez DF 1.96E-01 1.43E-03 1.15
fng eurofer 2.46E-01 1.70E-02 0.98
fng vanad 2.44E-01 7.42E-02 0.94

Fe-54(n,a)Cr-51 fng SiC 8.22E-02 4.11E-03 0.97

Fe-56(n,p)Mn-56 fns 5min 8.69E-02 4.34E-03 1.09
fns 7hour 1.21E-01 6.03E-03 0.85
fng f82h 9.31E-02 6.58E-03 0.99
fng SiC 9.58E-02 4.79E-03 0.97
fng vanad 9.16E-02 1.45E-02 0.84
sneg 1 1.07E-01 3.27E-03 0.96
sneg 2 1.10E-01 4.59E-03 1.00
cf252 flux 1 1.15E-03 8.00E-05 1.28
cf252 flux 1 1.45E-03 6.00E-05 1.02
cf252 flux 1 1.45E-03 3.50E-05 1.02
cf252 flux 1 1.18E-03 8.00E-05 1.25
cf252 flux 1 1.40E-03 1.68E-05 1.05
fzk ss316 3.43E-02 9.91E-04 1.07
fzk ss316 3.36E-02 9.90E-04 1.10
rez DF 2.32E-02 4.13E-04 1.44

Fe-56(n,t)Mn-54 d-Be3 3.90E-04 1.17E-04 1.20
d-Be3 3.99E-04 7.99E-05 1.17
d-Be 4.10E-02 6.00E-03 0.14

Fe-56(n,h)Cr-54 d-Be2a 5.41E-03 5.31E-04 0.66

Fe-57(n,p)Mn-57 sneg 1 7.12E-02 9.26E-03 0.89

Fe-58(n,g)Fe-59 fng SiC 1.26E-03 6.30E-05 1.16
fng eurofer 2.48E-02 4.27E-03 0.85
fng f82h 5.98E-03 5.14E-04 1.00
rez DF 1.78E-03 6.18E-05 0.74

Co-59(n,2n)Co-58m fns 7hour 3.13E-01 1.56E-02 1.39
rez DF 1.31E-01 2.62E-02 1.02
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Co-59(n,2n)Co-58 fns 7hour 7.54E-01 3.77E-02 0.93
cf252 flux 1 5.70E-04 3.00E-05 0.72
rez DF 1.19E-01 2.38E-02 1.80

Co-59(n,3n)Co-57 rez DF 2.47E-02 9.89E-04 0.74
d-Be3 1.12E-02 1.80E-03 0.75

Co-59(n,g)Co-60 cf252 flux 1 6.97E-03 3.40E-04 0.69
fng eurofer 7.25E-01 1.22E-01 0.85

Co-59(n,p)Fe-59 cf252 flux 1 1.96E-03 1.00E-05 0.88
rez DF 1.53E-02 6.13E-04 1.25

Co-59(n,t)Fe-57 d-Be3 6.40E-04 2.00E-04 1.05
d-Be3 4.90E-04 9.80E-05 1.37
d-Be 3.10E-03 7.00E-04 1.70

Co-59(n,h)Mn-57 d-Be2a 1.44E-03 5.80E-04 1.78
d-Be2a 1.47E-03 2.44E-04 1.75

Co-59(n,a)Mn-56 fns 5min 2.52E-02 1.26E-03 1.10
cf252 flux 1 2.00E-04 1.00E-05 1.12
cf252 flux 1 2.17E-04 1.40E-05 1.03
cf252 flux 1 2.22E-04 4.00E-06 1.00
cf252 flux 1 2.00E-04 1.00E-05 1.12
rez DF 6.74E-03 2.70E-04 1.16
d-Be2a 8.39E-03 1.72E-03 1.21

Co-59(n,2a)V-52 d-Be2a 1.08E-04 6.45E-05 0.17

Ni-58(n,2n)Ni-57 fns 7hour 3.12E-02 1.56E-03 1.00
fng f82h 3.65E-02 1.01E-02 0.85
fzk 2 5.42E-03 5.42E-04 0.87
sneg 1 4.37E-02 3.06E-03 0.92
sneg 2 3.27E-02 2.29E-03 0.91
cf252 flux 1 8.95E-06 2.80E-07 0.97
fzk ss316 1.94E-02 1.93E-03 0.99
fzk ss316 2.57E-02 6.16E-03 0.75
rez DF 1.54E-02 6.45E-04 1.05

Ni-58(n,3n)Ni-56 fzk ss316 4.48E-04 2.50E-05 0.28
d-Be3 2.00E-05 1.00E-05 1.22

Ni-58(n,np)Co-57 fns 7hour 6.54E-01 3.27E-02 0.99
fng vanad 5.29E-01 1.07E-01 0.97
fzk 2 1.07E-01 1.07E-02 0.93
sneg 1 7.20E-01 5.04E-02 0.99
sneg 2 6.43E-01 3.86E-02 1.05
fng f82h 5.08E-01 4.79E-02 1.18
fng eurofer 4.76E-01 1.38E-01 1.15
fzk ss316 2.44E-01 5.63E-03 1.05
fzk ss316 3.34E-01 3.39E-02 0.77
rez DF 2.13E-01 4.02E-03 1.01

Ni-58(n,p)Co-58 fns 7hour 2.91E-01 1.46E-02 1.03
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fzk 2 4.37E-01 4.37E-02 0.77
fng vanad 2.72E-01 4.09E-02 0.87
sneg 1 2.98E-01 2.09E-02 0.91
cf252 flux 1 9.50E-02 4.50E-03 1.24
cf252 flux 1 1.05E-01 5.00E-03 1.12
cf252 flux 1 1.13E-01 4.80E-03 1.04
cf252 flux 1 1.19E-01 6.00E-03 0.99
cf252 flux 1 1.21E-01 2.00E-03 0.97
fzk ss316 2.43E-01 5.39E-03 1.07
fzk ss316 2.22E-01 1.33E-02 1.17
rez DF 2.19E-01 2.68E-03 1.22

Ni-60(n,p)Co-60m fns 5min 6.23E-02 3.12E-03 1.09
fng heat 4.38E-02 2.36E-03 1.57

Ni-60(n,p)Co-60 fzk 2 5.52E-02 5.52E-03 0.77
sneg 1 1.51E-01 1.20E-02 0.84
sneg 2 1.62E-01 1.29E-02 0.87
fzk ss316 5.56E-02 2.25E-03 0.82
d-Be3 8.20E-02 1.60E-02 0.81

Ni-60(n,t)Co-58 d-Be 6.10E-02 8.00E-03 0.11

Ni-60(n,2p)Fe-59 fzk ss316 8.62E-04 1.55E-04 1.06

Ni-61(n,p)Co-61 fzk 2 1.88E-02 2.82E-03 1.15

Ni-62(n,p)Co-62g fns 5min 1.90E-02 1.14E-03 1.11
fng heat 2.15E-02 6.53E-04 1.02

Ni-62(n,p)Co-62m fns 5min 1.54E-02 1.08E-03 1.51
fng heat 1.85E-02 2.50E-03 0.91

Ni-62(n,a)Fe-59 fzk 2 4.60E-03 4.60E-04 0.86
sneg 1 3.09E-02 4.11E-03 0.82

Cu-63(n,2n)Cu-62 fns 5min 4.61E-01 2.30E-02 1.05
tud cucrzr 4.91E-01 5.55E-02 1.08
cf252 flux 1 3.00E-04 2.70E-05 0.67
cf252 flux 1 1.83E-04 7.00E-06 1.10
fng heat 5.60E-01 5.72E-02 0.90

Cu-63(n,3n)Cu-61 d-Be3 4.26E-03 1.21E-03 0.70

Cu-63(n,g)Cu-64 cf252 flux 1 1.76E-02 1.40E-03 0.50

Cu-63(n,t)Ni-61 d-Be3 8.20E-04 2.63E-04 2.23
d-Be 5.31E-03 1.43E-03 2.40

Cu-63(n,h)Co-61 d-Be2a 3.91E-03 7.82E-04 1.36

Cu-63(n,a)Co-60 fns 7hour 5.01E-02 5.01E-03 0.81
fng SiC 1.99E-02 9.94E-04 1.83
fzk 2 1.50E-02 1.50E-03 0.80
fng cucrzr 3.51E-02 3.16E-03 1.06
tud cucrzr 3.44E-02 3.34E-03 1.20
cf252 flux 1 6.71E-04 1.80E-05 1.04
cf252 flux 1 7.09E-04 1.70E-05 0.99
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fng vanad 2.24E-02 8.93E-03 1.36

Cu-65(n,2n)Cu-64 fns 7hour 8.57E-01 6.00E-02 1.04
fng SiC 9.40E-01 1.88E-02 0.90
fzk 2 1.57E-01 1.57E-02 0.84
fng cucrzr 9.79E-01 6.86E-02 0.88
tud cucrzr 8.16E-01 2.84E-01 1.15
cf252 flux 1 6.65E-04 2.30E-05 1.00

Cu-65(n,g)Cu-66 cf252 flux 1 8.00E-03 1.20E-03 0.62

Cu-65(n,a)Co-62m fng cucrzr 5.80E-03 8.71E-04 0.85
tud cucrzr 4.83E-03 5.50E-04 1.13
fzk 2 1.21E-03 1.94E-04 0.69

Cu-65(n,na)Co-61 fng SiC 1.25E-03 1.25E-04 1.51
fzk 2 7.10E-04 1.42E-04 1.08
fng cucrzr 2.27E-03 2.27E-04 0.82
tud cucrzr 1.50E-03 1.36E-04 1.15
d-Be3 5.10E-03 1.20E-03 1.00

Cu-65(n,p)Ni-65 fng SiC 2.12E-02 1.06E-03 0.73
fzk 2 7.40E-03 7.40E-04 0.76
fng cucrzr 2.16E-02 1.30E-03 0.73
tud cucrzr 1.85E-02 1.37E-03 0.94
d-Be3 1.20E-03 3.00E-04 8.03

Zn-64(n,2n)Zn-63 fns 5min 1.51E-01 7.56E-03 0.85

Zn-64(n,p)Cu-64 cf252 flux 1 4.11E-02 1.30E-03 1.04
cf252 flux 1 3.82E-02 1.50E-03 1.12
cf252 flux 1 4.64E-02 2.30E-03 0.92
cf252 flux 1 3.94E-02 1.00E-03 1.09
cf252 flux 1 4.18E-02 1.75E-03 1.02
cf252 flux 1 4.13E-02 2.82E-03 1.04

Zn-64(n,t)Cu-62 d-Be 6.70E-02 8.00E-03 0.12

Zn-64(n,h)Ni-62 d-Be2a 1.94E-02 3.88E-03 0.43

Zn-67(n,h)Ni-65 d-Be2a 9.89E-04 2.80E-04 2.94

Zn-68(n,g)Zn-69m cf252 flux 1 1.85E-03 1.20E-04 0.86

Zn-68(n,h)Ni-66 d-Be2a 1.05E-03 3.66E-04 3.67

Zn-68(n,a)Ni-65 d-Be2a 4.08E-03 8.60E-04 1.12

Ga-69(n,2n)Ga-68 fns 5min 7.70E-01 4.62E-02 1.04

Ga-69(n,t)Zn-67 d-Be 4.27E-03 8.13E-04 2.27

Ga-71(n,2n)Ga-70 fns 5min 9.34E-01 5.60E-02 1.00

Ge-74(n,p)Ga-74 fns 5min 1.31E-02 7.86E-04 1.05

Ge-74(n,t)Ga-72 d-Be 6.20E-02 1.30E-02 0.07

Ge-76(n,2n)Ge-75m fns 5min 5.34E-01 3.74E-02 1.42

Ge-76(n,2n)Ge-75 fns 5min 1.06E+00 7.39E-02 1.00

As-75(n,p)Ge-75m fns 5min 1.00E-02 8.04E-04 1.20

As-75(n,p)Ge-75 fns 5min 1.72E-02 1.03E-03 1.11
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As-75(n,t)Ge-73 d-Be 3.80E-03 8.00E-04 2.40

As-75(n,h)Ga-73 d-Be2a 1.03E-03 4.30E-04 5.17
d-Be2a 1.49E-03 2.99E-04 3.57

As-75(n,a)Ga-72 d-Be2a 4.73E-03 1.08E-03 1.07

Se-78(n,2n)Se-77m fns 5min 6.90E-01 8.97E-02 0.87

Se-80(n,t)As-78 d-Be 5.50E-02 1.20E-02 0.06

Se-82(n,2n)Se-81 fns 5min 9.50E-01 6.65E-02 1.13

Br-79(n,2n)Br-78 fns 5min 8.28E-01 9.11E-02 0.99

Br-81(n,2n)Br-80g fns 5min 3.33E-01 3.66E-02 1.11

Rb-85(n,2n)Rb-84 fns 5min 9.97E-01 5.98E-02 0.96

Rb-87(n,2n)Rb-86m fns 5min 4.10E-01 2.46E-02 1.02

Sr-84(n,2n)Sr-83 fns 7hour 6.71E-01 4.03E-02 0.87

Sr-84(n,g)Sr-85m cf252 flux 1 2.42E-01 2.70E-02 0.19
cf252 flux 1 3.54E-02 2.34E-03 1.26

Sr-86(n,2n)Sr-85 fns 7hour 9.17E-01 7.33E-02 0.95

Sr-86(n,g)Sr-87m cf252 flux 1 1.82E-01 2.20E-02 0.07

Sr-88(n,2n)Sr-87m fns 7hour 2.68E-01 1.61E-02 0.89

Sr-88(n,p)Rb-88 fns 5min 1.42E-02 7.09E-04 1.14

Y-89(n,n)Y-89m fns 5min 3.76E-01 2.63E-02 1.11
fng Y 3.31E-01 1.99E-02 1.21

Y-89(n,2n)Y-88 fns 7hour 1.08E+00 7.58E-02 0.84
fns 5min 8.42E-01 1.68E-01 1.05
fng Y 8.91E-01 8.91E-03 0.99
tud Y 8.00E-01 9.00E-02 1.10
rez DF 1.94E-01 5.82E-03 1.49

Y-89(n,3n)Y-87 rez DF 4.61E-02 1.38E-03 0.70

Y-89(n,g)Y-90m tud Y 3.82E-04 1.96E-04 1.18
fng Y 3.57E-04 1.07E-05 1.27

Y-89(n,t)Sr-87 d-Be 6.50E-03 2.00E-03 2.30

Y-89(n,a)Rb-86m fns 5min 1.64E-03 9.83E-05 1.48
fng Y 2.03E-03 2.64E-04 1.18

Y-89(n,a)Rb-86 fng Y 1.42E-02 1.84E-03 0.54

Zr-90(n,2n)Zr-89m fns 5min 1.17E-01 5.84E-03 1.10
fng heat 1.48E-01 8.61E-02 0.91

Zr-90(n,2n)Zr-89 fns 7hour 7.11E-01 4.26E-02 0.99
fng cucrzr 9.24E-01 6.47E-02 0.76
tud cucrzr 6.71E-01 6.91E-02 1.14
cf252 flux 1 2.67E-04 1.50E-05 0.82
cf252 flux 1 2.21E-04 6.00E-06 0.99
rez DF 1.86E-01 5.57E-03 1.40
fng Y 6.07E-01 7.28E-02 1.15

Zr-90(n,p)Y-90m cf252 flux 1 4.50E-05 6.00E-06 1.08

Zr-90(n,t)Y-88 d-Be 5.10E-02 1.10E-02 0.07
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Zr-94(n,g)Zr-95 cf252 flux 1 8.75E-03 6.50E-04 0.66

Zr-94(n,p)Y-94 fns 5min 7.92E-03 3.96E-04 1.19
fng heat 8.06E-03 1.20E-03 1.22

Zr-96(n,2n)Zr-95 fns 7hour 1.48E+00 7.42E-02 0.99
fzk 1 4.73E-01 8.21E-02 0.71

Zr-96(n,g)Zr-97 cf252 flux 1 4.17E-03 2.10E-04 1.56

Nb-93(n,2n)Nb-92m fns 7hour 4.68E-01 2.34E-02 0.96
fng heat 5.18E-01 6.52E-02 0.84
fng SiC 3.93E-01 1.18E-02 1.06
fzk 2 2.76E-01 4.14E-02 0.29
fzk ss316 1.58E-01 1.58E-02 0.91
fzk ss316 1.07E-01 2.90E-02 1.35
rez DF 1.23E-01 3.68E-03 0.99
fng vanad 4.81E-01 6.59E-02 0.72
fzk 1 7.06E-02 7.80E-02 1.13
d-Be3 1.78E-01 2.40E-02 1.19
d-Be3 2.02E-01 2.40E-02 1.05

Nb-93(n,3n)Nb-91m rez DF 1.84E-02 1.66E-03 0.79

Nb-93(n,4n)Nb-90 rez DF 1.93E-05 2.51E-06 2.19

Nb-93(n,na)Y-89m fns 5min 3.45E-03 2.42E-04 0.65

Nb-93(n,g)Nb-94m fns 5min 5.11E-03 3.58E-04 0.86

Nb-93(n,t)Zr-91 d-Be3 6.10E-04 2.00E-04 0.54
d-Be3 4.90E-04 9.80E-05 0.67
d-Be 4.10E-03 8.00E-04 0.55

Nb-93(n,h)Y-91m d-Be2a 2.15E-04 6.45E-05 3.62

Nb-93(n,h)Y-91 d-Be2a 1.61E-03 2.80E-04 4.11
d-Be2a 1.54E-03 3.08E-04 4.30

Nb-93(n,a)Y-90g fng heat 1.35E-02 3.28E-03 0.45

Nb-93(n,a)Y-90m fns 5min 4.97E-03 2.98E-04 1.05
fng SiC 4.76E-03 2.86E-04 1.08
d-Be2a 1.93E-03 4.30E-04 1.51
d-Be3 2.80E-03 3.00E-04 0.96

Nb-93(n,a)Y-90 d-Be2a 4.09E-03 4.30E-04 1.39
d-Be3 3.80E-03 5.00E-04 1.50

Mo-92(n,2n)Mo-91 fns 5min 2.15E-01 1.08E-02 0.99
fng heat 2.76E-01 7.16E-03 0.81
fng Mo 2.35E-01 2.83E-03 0.95

Mo-92(n,3n)Mo-90 fzk ss316 2.92E-03 1.61E-03 1.70

Mo-92(n,np)Nb-91m fns 7hour 1.85E-01 1.66E-02 1.26

Mo-92(n,na)Zr-88 fzk ss316 3.99E-03 2.39E-03 1.84

Mo-92(n,p)Nb-92m fns 7hour 6.15E-02 3.08E-03 1.05
fzk ss316 3.29E-02 1.61E-03 1.21
fng Mo 5.49E-02 2.09E-03 1.10
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Mo-92(n,p)Nb-92 cf252 flux 1 1.68E-02 7.00E-04 0.49

Mo-92(n,a)Zr-89 sneg 1 2.27E-02 2.04E-03 1.48
cf252 flux 1 4.20E-04 2.00E-05 0.31
fzk ss316 8.69E-03 3.84E-04 1.25
fng Mo 2.68E-02 2.33E-03 1.14

Mo-92(n,pa)Y-88 fzk ss316 1.51E-03 5.13E-04 0.21

Mo-95(n,3n)Mo-93m fzk ss316 8.38E-03 1.39E-03 0.83

Mo-95(n,p)Nb-95g fns 7hour 3.44E-02 2.07E-03 0.96
fng vanad 4.25E-02 1.54E-02 0.60
sneg 1 3.73E-02 3.32E-03 0.94
fng Mo 3.18E-02 2.78E-03 1.02

Mo-95(n,p)Nb-95m cf252 flux 1 1.44E-04 1.44E-04 0.32
fng Mo 7.30E-03 6.58E-04 0.85
fzk ss316 5.41E-03 7.03E-04 0.46

Mo-95(n,p)Nb-95 cf252 flux 1 2.20E-02 2.00E-03 0.01

Mo-96(n,np)Nb-95 fzk ss316 9.30E-03 4.15E-04 1.44

Mo-96(n,p)Nb-96 sneg 1 2.08E-02 2.08E-03 1.06
fng Mo 2.03E-02 1.14E-03 0.99

Mo-98(n,g)Mo-99 cf252 flux 1 2.63E-02 1.30E-03 0.77

Mo-98(n,t)Nb-96 d-Be3 5.04E-04 1.63E-04 0.92

Mo-98(n,a)Zr-95 fns 7hour 7.47E-03 1.42E-03 0.86

Mo-100(n,2n)Mo-99 fns 7hour 1.50E+00 7.52E-02 0.96
sneg 1 1.53E+00 1.22E-01 0.99
sneg 2 1.51E+00 1.21E-01 1.00
fng vanad 1.12E+00 3.63E-01 0.99
fzk ss316 4.13E-01 9.55E-03 1.09
fzk ss316 3.28E-01 1.31E-01 1.38
fng Mo 1.29E+00 4.04E-02 1.09

Mo-100(n,g)Mo-101 cf252 flux 1 1.48E-02 1.11E-03 1.21

Mo-100(n,a)Zr-97 fzk ss316 8.16E-02 1.71E-02 0.02

Ru-96(n,2n)Ru-95 fns 5min 5.50E-01 2.75E-02 0.96

Ru-100(n,p)Tc-100 fns 5min 2.94E-02 3.23E-03 1.02

Ru-102(n,p)Tc-102m fns 5min 6.60E-03 3.30E-04 1.09

Rh-103(n,n)Rh-103m fns 5min 1.41E-01 3.65E-02 2.40

Rh-103(n,2n)Rh-102g rez DF 7.05E-01 3.52E-02 0.21

Rh-103(n,3n)Rh-101m rez DF 5.51E-02 2.20E-03 1.40

Rh-103(n,g)Rh-104 fns 5min 2.66E-02 2.12E-03 2.45

Rh-103(n,p)Ru-103 rez DF 4.75E-03 1.90E-04 1.99

Pd-106(n,t)Rh-104 d-Be 3.60E-02 6.00E-03 0.19

Pd-108(n,2n)Pd-107m fns 5min 3.60E-01 1.80E-02 1.20

Pd-110(n,2n)Pd-109m fns 5min 3.24E-01 1.94E-02 1.32

Pd-110(n,2n)Pd-109 fns 5min 1.45E+00 8.71E-02 0.98

Ag-107(n,2n)Ag-106g fns 5min 6.96E-01 3.48E-02 0.99
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fng heat 9.67E-01 2.51E-02 0.74

Ag-107(n,t)Pd-105 d-Be3 4.99E-04 1.59E-04 2.62
d-Be 4.54E-03 8.26E-04 2.37

Ag-107(n,h)Rh-105 d-Be2a 3.30E-03 6.61E-04 0.93
d-Be2a 2.24E-03 3.57E-04 1.37

Ag-109(n,2n)Ag-108g fns 5min 5.91E-01 4.14E-02 0.97
fng heat 9.61E-01 2.50E-02 0.62

Cd-110(n,g)Cd-111 cf252 flux 1 2.04E-01 7.00E-03 0.30

Cd-112(n,2n)Cd-111m fns 5min 4.64E-01 2.32E-02 1.20
fng heat 6.83E-01 2.64E-02 0.85

Cd-116(n,g)Cd-117 cf252 flux 1 3.80E-02 1.40E-02 0.46

In-113(n,2n)In-112m cf252 flux 1 3.75E-03 1.85E-03 0.33

In-113(n,2n)In-112 cf252 flux 1 9.50E-03 4.75E-03 0.16

In-115(n,2n)In-114g fns 5min 1.99E-01 5.29E-03 1.22

In-115(n,na)Ag-111 d-Be2a 3.66E-03 6.45E-04 6.33

In-115(n,g)In-116m cf252 flux 1 1.24E-01 3.60E-03 0.37
cf252 flux 1 1.39E-01 6.00E-02 0.33

In-115(n,g)In-116 fns 5min 7.06E-02 2.83E-03 2.44

In-115(n,t)Cd-113 d-Be 3.90E-03 7.99E-04 2.16

In-115(n,h)Ag-113g d-Be2a 2.15E-04 6.45E-05 4.39

In-115(n,h)Ag-113 d-Be2a 1.04E-03 2.14E-04 0.91

In-115(n,a)Ag-112 d-Be2a 2.58E-03 6.45E-04 2.09

Sn-112(n,2n)Sn-111 fng Sn 1.17E+00 1.05E-01 0.96

Sn-114(n,2n)Sn-113 fng Sn 1.94E+00 9.37E-02 0.58

Sn-114(n,np)In-113m fng Sn 4.23E-03 9.91E-04 0.37

Sn-116(n,p)In-116 fng Sn 2.47E-02 7.41E-04 1.28

Sn-116(n,np)In-115m fng Sn 1.10E-03 1.05E-04 0.40

Sn-117(n,p)In-117m fng Sn 4.09E-03 6.39E-04 0.79

Sn-117(n,p)In-117 fng Sn 1.81E-02 6.55E-04 0.75

Sn-118(n,2n)Sn-117m fns 7hour 9.50E-01 1.14E-01 0.80
fng Sn 1.32E+00 3.27E-02 0.57

Sn-118(n,p)In-118m fns 5min 4.93E-03 3.45E-04 1.36

Sn-118(n,a)Cd-115g fng Sn 1.23E-03 2.37E-04 0.47

Sn-120(n,2n)Sn-119m fns 7hour 4.80E-01 1.01E-01 1.22

Sn-120(n,p)In-120m fns 5min 8.33E-03 1.00E-03 0.06

Sn-120(n,a)Cd-117g fng Sn 3.84E-04 5.32E-05 0.56

Sn-120(n,a)Cd-117m fng Sn 3.90E-04 6.11E-05 1.06

Sn-124(n,2n)Sn-123g fns 7hour 1.04E+00 1.46E-01 1.09
fng Sn 2.21E+00 8.96E-01 0.50

Sn-124(n,2n)Sn-123m fns 5min 4.01E-01 2.41E-02 1.19
fng heat 5.84E-01 2.51E-02 0.85
fng Sn 5.60E-01 1.71E-02 0.88

Sb-121(n,2n)Sb-120g fns 5min 7.77E-01 4.66E-02 1.24
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Sb-121(n,t)Sn-119 d-Be 4.50E-03 1.36E-03 2.00

Te-128(n,t)Sb-126 d-Be 2.50E-02 6.00E-03 0.12

Te-130(n,2n)Te-129g fns 5min 5.63E-01 4.51E-02 0.95

I-127(n,2n)I-126 cf252 flux 1 2.07E-03 7.00E-05 1.03

I-127(n,g)I-128 fns 5min 1.93E-02 1.16E-03 1.73

I-127(n,h)Sb-125 d-Be2a 5.59E-04 1.08E-04 4.02

I-127(n,a)Sb-124 d-Be2a 1.93E-03 3.23E-04 2.99

Cs-133(n,2n)Cs-132 fns 5min 1.12E+00 8.98E-02 1.10

Cs-133(n,h)I-131 d-Be2a 4.78E-04 9.02E-05 1.15

Ba-134(n,2n)Ba-133m fns 7hour 7.25E-01 1.01E-01 1.09

Ba-134(n,g)Ba-135 cf252 flux 1 2.55E-01 2.80E-02 0.22

Ba-134(n,t)Cs-132 d-Be 1.50E-02 2.00E-03 0.29

Ba-136(n,2n)Ba-135m fns 7hour 9.45E-01 1.42E-01 1.06

Ba-136(n,g)Ba-137 cf252 flux 1 2.93E-01 2.90E-02 0.08

Ba-136(n,p)Cs-136 fns 7hour 5.03E-03 2.61E-03 1.08

Ba-138(n,2n)Ba-137m fns 5min 6.65E-01 5.32E-02 1.36

Ba-138(n,g)Ba-139 cf252 flux 1 3.80E-03 4.00E-04 0.66
cf252 flux 1 1.30E-03 2.60E-04 1.92

Ba-138(n,p)Cs-138 fns 5min 2.54E-03 2.54E-04 1.08

La-139(n,g)La-140 tud Er 2.48E-03 1.56E-04 1.00

La-139(n,p)Ba-139 fns 5min 3.66E-03 1.58E-03 1.01
tud Er 4.00E-03 9.53E-04 0.85

La-139(n,t)Ba-137 d-Be 7.00E-03 1.50E-03 0.93

La-139(n,h)Cs-137 d-Be2a 4.52E-04 8.60E-05 1.62
d-Be2a 4.65E-04 6.15E-05 1.58

La-139(n,a)Cs-136 d-Be2a 2.04E-03 3.23E-04 1.13
tud Er 2.05E-03 2.05E-03 1.03

Ce-140(n,2n)Ce-139m fns 5min 6.98E-01 4.89E-02 1.18

Ce-140(n,a)Ba-137m fns 5min 2.62E-03 1.83E-04 1.11

Ce-142(n,p)La-142 fns 5min 4.05E-03 1.66E-03 1.21

Pr-141(n,2n)Pr-140 fns 5min 1.01E+00 8.09E-02 1.49

Pr-141(n,t)Ce-139 d-Be 9.40E-03 2.00E-03 1.43
d-Be 2.30E-02 6.00E-03 0.58

Nd-142(n,2n)Nd-141m fns 5min 4.11E-01 5.34E-02 1.35

Nd-146(n,h)Ce-144 d-Be2a 2.58E-04 8.60E-05 2.73

Nd-146(n,a)Ce-143 d-Be2a 2.15E-03 3.23E-04 1.75

Nd-150(n,2n)Nd-149 fns 5min 8.29E-01 1.24E-01 1.78

Sm-144(n,2n)Sm-143m fns 5min 4.87E-01 5.85E-02 0.98

Sm-144(n,2n)Sm-143 fns 5min 1.04E+00 1.14E-01 1.01

Sm-150(n,p)Pm-150 fng ScSmGd 6.05E-03 7.26E-04 1.02

Sm-152(n,a)Nd-149 fng ScSmGd 2.55E-03 3.06E-04 1.04

Sm-154(n,2n)Sm-153 fng ScSmGd 1.84E+00 6.42E-02 0.98

Gd-158(n,p)Eu-158 fng ScSmGd 3.17E-03 1.46E-04 1.01
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Gd-158(n,a)Sm-155 fng ScSmGd 1.11E-03 6.67E-05 1.06

Gd-160(n,2n)Gd-159 fns 5min 1.26E+00 2.39E-01 1.35
fng ScSmGd 1.96E+00 6.08E-02 0.91

Gd-160(n,g)Gd-161 fns 5min 3.78E-03 6.43E-04 1.45

Gd-160(n,p)Eu-160 fns 5min 1.77E-03 4.42E-04 0.96

Tb-159(n,2n)Tb-158m fns 5min 3.24E-01 5.65E-01 0.74

Tb-159(n,p)Gd-159 fns 5min 2.04E-02 3.93E-02 0.27

Tb-159(n,t)Gd-157 d-Be 7.90E-03 2.00E-03 2.15

Tb-159(n,a)Eu-156 d-Be2a 1.55E-03 2.58E-04 2.23

Dy-156(n,2n)Dy-155 fng Dy 1.53E+00 8.09E-02 1.07

Dy-158(n,2n)Dy-157 fng Dy 1.92E+00 7.28E-02 0.97

Dy-162(n,p)Tb-162 fns 5min 2.48E-03 2.97E-04 1.51
fng Dy 4.08E-03 1.92E-04 0.96

Dy-162(n,t)Tb-160 d-Be 1.60E-02 3.30E-03 0.32

Dy-163(n,p)Tb-163 fng Dy 3.33E-03 1.37E-04 1.07

Dy-164(n,g)Dy-165g fng Dy 2.97E-02 1.34E-03 0.66

Dy-164(n,g)Dy-165m fns 5min 1.01E-01 1.51E-02 1.30

Dy-164(n,g)Dy-165 fns 5min 3.56E-02 8.19E-03 5.34

Dy-164(n,p)Tb-164 fns 5min 1.13E-03 1.47E-04 2.09

Ho-165(n,2n)Ho-164m fns 5min 7.14E-01 1.00E-01 1.19

Ho-165(n,2n)Ho-164 fns 5min 1.44E+00 2.02E-01 1.20

Ho-165(n,t)Dy-163 d-Be 9.80E-03 2.00E-03 2.07

Ho-165(n,h)Tb-163 d-Be2a 1.72E-04 4.30E-05 8.39

Ho-165(n,a)Tb-162 d-Be2a 1.85E-03 3.23E-04 1.30

Er-162(n,2n)Er-161 tud Er 1.42E+00 1.19E-01 1.03

Er-164(n,2n)Er-163 tud Er 1.84E+00 1.73E-01 0.93

Er-166(n,2n)Er-165 fns 5min 3.54E-01 1.31E-01 5.02

Er-166(n,p)Ho-166g tud Er 3.50E-03 2.20E-04 0.75

Er-167(n,p)Ho-167 tud Er 2.87E-03 1.61E-04 1.24

Er-168(n,p)Ho-168 fns 5min 2.10E-03 2.10E-04 1.06
tud Er 2.39E-03 1.79E-04 0.87

Er-170(n,p)Ho-170g tud Er 1.52E-03 2.84E-04 0.57

Er-170(n,d)Ho-169 tud Er 1.69E-04 3.97E-05 0.66

Tm-169(n,2n)Tm-168 fns 5min 1.98E+00 4.96E-01 0.90

Yb-168(n,2n)Yb-167 fns 5min 1.53E+00 5.65E-01 1.10

Yb-174(n,p)Tm-174 fns 5min 1.82E-03 3.10E-04 1.06

Yb-174(n,h)Er-172 d-Be2a 2.15E-04 5.38E-05 1.06

Yb-174(n,a)Er-171 d-Be2a 1.93E-03 3.23E-04 1.82

Lu-175(n,g)Lu-176m fns 5min 5.23E-02 1.10E-02 1.33

Lu-175(n,2n)Lu-174g rez DF 5.94E-01 1.78E-02 0.45

Lu-175(n,3n)Lu-173 rez DF 1.68E-01 5.04E-03 1.51

Lu-175(n,4n)Lu-172 rez DF 1.74E-02 5.23E-04 1.23

Hf-174(n,2n)Hf-173 fng hafnium 1.86E+00 3.73E-01 1.02
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Hf-176(n,2n)Hf-175 fng hafnium 1.75E+00 1.96E-01 1.01

Hf-178(n,p)Lu-178m fng hafnium 5.94E-04 1.08E-04 1.01

Hf-178(n,p)Lu-178 fng hafnium 3.67E-03 1.18E-03 0.86

Hf-179(n,p)Lu-179 fng hafnium 1.08E-02 2.51E-03 0.60

Hf-180(n,n)Hf-180m fng heat 4.41E-02 2.42E-03 0.65
fng hafnium 1.14E-02 6.65E-04 2.48
fns 5min 1.80E-02 1.44E-03 1.60

Hf-180(n,2n)Hf-179m fns 5min 6.05E-02 4.84E-03 3.52

Hf-180(n,g)Hf-181 fng hafnium 9.28E-03 1.51E-03 0.40

Hf-180(n,p)Lu-180 fns 5min 3.52E-03 2.11E-04 0.68
fng hafnium 3.87E-03 9.36E-04 0.62
fng heat 3.79E-03 3.00E-04 0.66

Ta-181(n,2n)Ta-180g fns 7hour 7.57E-01 7.57E-02 1.45
fns 5min 1.05E+00 1.36E-01 0.96
fng Ta 1.01E+00 2.32E-02 1.00
tud Ta 8.11E-01 2.08E-01 1.20
rez DF 2.92E-01 8.07E-03 1.00
rez DF 3.30E-01 3.99E-03 0.88

Ta-181(n,na)Lu-177m rez DF 3.00E-05 1.23E-06 6.18

Ta-181(n,na)Lu-177 rez DF 4.91E-04 6.61E-06 2.53

Ta-181(n,4n)Ta-178m rez DF 1.25E-02 2.36E-04 0.16

Ta-181(n,g)Ta-182n fng Ta 1.20E-04 4.13E-05 0.30

Ta-181(n,g)Ta-182 fng eurofer 1.19E+00 1.79E-01 1.00
cf252 flux 1 1.20E-01 6.50E-03 0.68
cf252 flux 1 8.92E-02 1.07E-03 0.92
fng Ta 4.21E-02 2.90E-03 0.71
rez DF 2.00E-01 3.27E-03 0.22
rez DF 3.38E-02 2.91E-04 1.29
fns 7hour 1.09E-02 2.41E-03 0.49

Ta-181(n,p)Hf-181 fns 7hour 7.53E-03 1.43E-03 0.45
fng Ta 3.40E-03 4.31E-04 1.04
tud Ta 2.94E-03 3.85E-04 1.06
rez DF 1.74E-03 1.65E-05 1.46

Ta-181(n,t)Hf-179n rez DF 2.83E-06 6.00E-08 0.00

Ta-181(n,t)Hf-179 d-Be3 5.90E-04 2.40E-04 1.08
d-Be 4.50E-03 1.30E-03 1.44

Ta-181(n,h)Lu-179 d-Be2a 9.20E-05 2.59E-05 3.78

Ta-181(n,a)Lu-178g fng Ta 1.01E-03 4.04E-04 0.65

Ta-181(n,a)Lu-178m fng Ta 2.31E-04 2.77E-05 1.56
tud Ta 2.20E-04 2.30E-05 1.42

W-180(n,2n)W-179m fzk 2 8.70E-02 2.61E-02 0.99

W-180(n,3n)W-178 fzk 2 1.71E-02 2.56E-03 0.92

W-182(n,2n)W-181 fns 7hour 1.57E+00 2.35E-01 1.27
fng tung 1.37E+00 1.75E-01 1.18
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fzk 2 5.39E-01 7.24E-02 0.86
fng eurofer 1.44E+00 1.66E-01 1.13

W-182(n,p)Ta-182 sneg 1 6.30E-03 2.02E-03 0.88
fng tung 3.73E-03 6.19E-04 1.10
sneg 1 4.44E-03 3.02E-04 1.24
sneg 2 3.87E-03 8.12E-04 1.13
fzk ss316 2.92E-02 3.80E-03 0.16
fzk 2 7.10E-04 1.06E-04 1.18
rez DF 2.92E-03 1.10E-04 1.24

W-182(n,a)Hf-179n rez DF 1.85E-05 1.81E-06 12.29

W-183(n,p)Ta-183 sneg 1 5.02E-03 3.45E-04 1.50
sneg 2 4.88E-03 4.51E-04 1.22
fng f82h 4.15E-03 2.71E-04 1.43

W-184(n,p)Ta-184 fns 7hour 2.27E-03 1.59E-04 0.99
fng tung 2.63E-03 2.28E-04 0.81
fng f82h 1.98E-03 2.94E-04 1.13
sneg 1 2.78E-03 1.80E-04 1.04
fzk ss316 2.13E-03 3.13E-04 1.41
fzk 2 6.29E-04 9.43E-05 0.81
rez DF 1.84E-03 3.78E-05 1.45

W-184(n,t)Ta-182 d-Be 1.20E-02 2.00E-03 0.44

W-184(n,a)Hf-181 fng tung 6.27E-04 5.39E-05 1.07
fzk 2 1.66E-04 2.49E-05 1.05
sneg 1 7.52E-04 5.64E-05 1.22
sneg 2 5.35E-04 9.64E-05 1.25
rez DF 4.14E-04 1.51E-05 2.51

W-186(n,2n)W-185m fns 5min 3.22E-01 4.18E-02 2.01
fng heat 5.64E-01 9.35E-02 1.18
fng tung 5.71E-01 9.30E-02 0.97
sneg 1 7.83E-01 5.64E-02 0.89

W-186(n,2n)W-185 fns 7hour 1.38E+00 2.06E-01 1.28
fzk 2 4.86E-01 6.84E-02 0.91
fng tung 1.34E+00 1.65E-01 1.02
rez DF 5.41E-01 1.78E-02 0.88

W-186(n,np)Ta-185 rez DF 2.73E-03 6.53E-05 1.23

W-186(n,na)Hf-182m fzk 2 2.00E-06 8.00E-07 0.92
rez DF 4.55E-05 6.83E-06 4.05

W-186(n,g)W-187 fng f82h 3.48E-01 2.46E-02 0.88
fng tung 1.29E+00 8.29E-02 0.96
sneg 1 4.34E-03 3.90E-04 0.27
fzk ss316 2.28E-02 1.48E-03 0.57

W-186(n,p)Ta-186 fns 5min 1.26E-03 1.63E-04 1.49
fng heat 2.86E-03 1.48E-04 0.69
fng tung 1.84E-03 2.75E-04 0.92
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fzk 2 5.44E-04 8.16E-05 0.87
sneg 1 2.29E-03 3.66E-04 1.02

W-186(n,h)Hf-184 d-Be2a 1.18E-04 3.23E-05 2.20

W-186(n,a)Hf-183 fng tung 5.33E-04 8.43E-05 0.84
fzk 2 1.27E-04 1.90E-05 1.03
sneg 1 7.18E-04 1.08E-04 0.85
d-Be2a 1.40E-03 2.15E-04 2.19
rez DF 4.62E-04 2.31E-05 2.26

Re-185(n,2n)Re-184g fns 7hour 1.66E+00 8.30E-02 1.02
fng heat 2.58E+00 2.17E-01 0.63
fng Re 1.87E+00 2.82E-01 0.87

Re-185(n,2n)Re-184m fns 7hour 3.73E-01 2.24E-02 1.01
fng Re 2.99E-01 6.46E-02 1.23

Re-185(n,3n)Re-183 fng Re 4.41E-02 1.37E-02 1.39

Re-185(n,p)W-185m fns 5min 1.37E-03 1.64E-04 1.13

Re-187(n,2n)Re-186g fns 7hour 1.60E+00 1.60E-01 1.14
fns 5min 1.42E+00 1.28E-01 1.17
fng heat 9.54E-01 5.25E-02 1.78
fng Re 1.86E+00 2.64E-01 0.92

Re-187(n,g)Re-188m fng Re 7.02E-03 4.46E-03 1.27
fns 5min 3.98E-03 3.58E-04 1.19

Re-187(n,g)Re-188 fng Re 3.19E-01 6.93E-02 0.65

Re-187(n,p)W-187 fng Re 4.43E-03 6.55E-04 1.04

Re-187(n,t)W-185 d-Be 3.30E-03 5.63E-04 2.26

Re-187(n,a)Ta-184 fng Re 7.10E-04 1.59E-04 0.99

Os-192(n,2n)Os-191m fns 5min 2.42E-01 3.14E-02 3.22

Ir-193(n,2n)Ir-192m fns 5min 1.87E-01 2.81E-02 0.98

Pt-198(n,2n)Pt-197m fns 5min 8.09E-01 6.47E-02 1.27

Au-197(n,2n)Au-196m fns 5min 1.03E+00 4.18E-02 1.16

Au-197(n,2n)Au-196n fns 5min 9.17E-02 5.50E-03 1.30
rez DF 3.46E-02 1.73E-03 1.17

Au-197(n,2n)Au-196 cf252 flux 1 4.30E-03 5.00E-04 1.30
cf252 flux 1 5.27E-03 2.26E-04 1.06
cf252 flux 1 5.25E-03 3.10E-04 1.06
cf252 flux 1 5.80E-03 2.90E-04 0.96
cf252 flux 1 5.50E-03 1.40E-04 1.02
rez DF 4.99E-01 2.00E-02 1.01

Au-197(n,3n)Au-195 rez DF 2.75E-01 1.38E-02 1.00

Au-197(n,4n)Au-194 rez DF 2.88E-02 8.64E-04 0.87

Au-197(n,g)Au-198 cf252 flux 1 1.10E-01 5.00E-03 0.67
cf252 flux 1 7.70E-02 7.70E-05 0.96
cf252 flux 1 7.80E-02 3.00E-03 0.95

Au-197(n,t)Pt-195 d-Be 3.90E-03 9.00E-04 1.39
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Au-197(n,h)Ir-195g d-Be2a 1.07E-04 3.23E-05 2.49

Au-197(n,h)Ir-195 d-Be2a 8.03E-05 1.95E-05 3.32

Au-197(n,a)Ir-194g d-Be2a 1.44E-03 2.15E-04 1.88

Au-197(n,a)Ir-194m d-Be2a 1.07E-04 2.15E-05 0.00

Hg-198(n,g)Hg-199 cf252 flux 1 1.68E-01 6.00E-03 0.32

Hg-200(n,2n)Hg-199m fns 5min 7.87E-01 6.30E-02 1.15

Tl-203(n,2n)Tl-202 fns 5min 1.41E+00 1.97E-01 1.22

Tl-205(n,g)Tl-206 fns 5min 1.85E-03 9.26E-05 1.52

Tl-205(n,p)Hg-205 fns 5min 1.58E-03 9.45E-05 1.26

Tl-205(n,t)Hg-203 d-Be3 6.07E-04 2.80E-04 1.54
d-Be 4.60E-03 1.35E-03 2.13
d-Be 2.00E-02 4.00E-03 0.49

Pb-204(n,n)Pb-204m fns 5min 4.60E-02 1.75E-02 2.01
fng heat 8.15E-02 3.83E-03 1.12
tud Pb 6.19E-02 5.63E-03 1.50

Pb-204(n,2n)Pb-203m fns 5min 1.40E+00 8.38E-02 0.72

Pb-204(n,2n)Pb-203 fns 7hour 2.13E+00 1.07E-01 0.94
tud Pb 1.94E+00 1.67E-01 0.95

Pb-206(n,a)Hg-203 tud Pb 5.02E-04 5.42E-05 1.02
fns 7hour 1.57E-03 1.00E-03 0.34

Pb-208(n,p)Tl-208 fns 5min 9.98E-04 5.99E-05 0.74
tud Pb 8.38E-04 8.88E-05 0.73

Pb-208(n,t)Tl-206 d-Be3 5.81E-04 1.76E-04 0.59
d-Be 1.60E-02 3.00E-03 0.31

Bi-209(n,3n)Bi-207 rez DF 2.96E-01 2.09E-02 0.89

Bi-209(n,4n)Bi-206 rez DF 3.01E-02 8.53E-04 0.83

Bi-209(n,p)Pb-209 fns 5min 1.09E-03 3.10E-03 1.96

Bi-209(n,t)Pb-207 d-Be3 7.80E-04 2.50E-04 0.56
d-Be 3.70E-03 7.00E-04 1.02

Bi-209(n,h)Tl-207 d-Be2a 6.14E-05 2.05E-05 4.69

Bi-209(n,a)Tl-206 fns 5min 3.26E-04 5.21E-05 3.33

Th-232(n,f) cf252 flux 1 8.94E-02 2.40E-03 0.90
cf252 flux 1 8.47E-02 4.90E-03 0.95

Pa-231(n,f) cf252 flux 1 9.70E-01 4.50E-02 0.89

U-233(n,f) cf252 flux 1 1.95E+00 3.12E-02 0.98
cf252 flux 1 1.89E+00 4.80E-02 1.01

U-234(n,f) cf252 flux 1 1.20E+00 1.40E-02 1.00

U-235(n,f) cf252 flux 1 1.27E+00 1.82E-02 0.96
cf252 flux 1 1.21E+00 2.20E-02 1.01
cf252 flux 1 1.22E+00 1.90E-02 1.00
cf252 flux 1 1.05E+00 3.10E-02 1.17
cf252 flux 1 1.23E+00 1.70E-02 1.00

U-236(n,f) cf252 flux 1 6.12E-01 8.00E-03 0.98
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U-238(n,2n)U-237 cf252 flux 1 1.92E-01 1.90E-03 0.11
cf252 flux 1 1.22E-02 1.50E-03 1.75

U-238(n,f) cf252 flux 1 3.29E-01 1.00E-02 0.98
cf252 flux 1 3.24E-01 1.40E-02 0.99
cf252 flux 1 2.88E-01 7.00E-03 1.12
cf252 flux 1 3.08E-01 1.70E-02 1.04
cf252 flux 1 3.32E-01 5.00E-03 0.97
cf252 flux 1 3.11E-01 1.40E-02 1.03

Np-237(n,2n)Np-236m cf252 flux 1 4.66E-03 4.66E-04 0.25

Np-237(n,f) cf252 flux 1 1.26E+00 6.00E-02 1.07
cf252 flux 1 1.38E+00 1.00E-01 0.98
cf252 flux 1 1.37E+00 2.00E-02 0.98
cf252 flux 1 1.44E+00 2.29E-02 0.94

Pu-239(n,f) cf252 flux 1 1.80E+00 6.00E-02 1.00
cf252 flux 1 1.84E+00 2.40E-02 0.98
cf252 flux 1 1.86E+00 3.01E-02 0.97
cf252 flux 1 1.79E+00 4.10E-02 1.00

Pu-240(n,f) cf252 flux 1 1.34E+00 3.20E-02 1.02
cf252 flux 1 1.31E+00 3.00E-02 1.05

Pu-241(n,f) cf252 flux 1 1.62E+00 8.00E-02 1.00
cf252 flux 1 1.74E+00 5.40E-02 0.93

Am-243(n,f) cf252 flux 1 1.14E+00 2.30E-02 0.96
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Dudley1954.tot
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Grimeland1965.tot
Ishikawa1970.tot
McCrary1960.tot

Misra1972.tot
Pasquarelli1967.tot

Paul1953.tot
Rayburn1961.tot

Robertson1973.tot
Ryves1978.tot

Sakane2001.tot
Sigg1976.tot

Yashima2004.tot
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Integro-Differential Validation

19F (n,p) 19O
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Picard1965.tot
Prasad1966.tot
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Smith1981.tot
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5.5 Neon UKAEA-R(18)004
Integro-Differential Validation

20Ne (n,t) 18F
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5.6 Sodium UKAEA-R(18)004
Integro-Differential Validation

23Na (n,2n) 22Na

 0.6

 0.8

 1

 1.2

 1.4

 1.6

 1.8

 2

 2.2

fn
s_

7hour
fzk_1

1.19

0.84

C
/E

C/E = 0.85

C/E = 1.30

0.
0E

+
00

5.
0E

-0
2

1.
0E

-0
1

1.
5E

-0
1

2.
0E

-0
1

2.
5E

-0
1

1.4E+07 1.6E+07 1.8E+07 2.0E+07 2.2E+07 2.4E+07 2.6E+07 2.8E+07 3.0E+07

C
ro

ss
 s

ec
ti

o
n
 (

b
)

Energy (eV)

TENDL17 total
Adamski1980.tot
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Barrall1969.tot

Filatenkov1999.tot
Ikeda1988.tot

KongXiangzhongg1995.tot
Liskien1965.tot

LuHanlinn1992.tot
Maslov1972.tot

Menlove1967.tot
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Sakuma1992.tot

Shani1976.tot
Sigg1976.tot

Soewarsono1992.tot
Uwamino1992.tot

XuZhizhengg1991.tot
Yashima2004.tot
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5.6 Sodium UKAEA-R(18)004
Integro-Differential Validation

23Na (n,g) 24Na
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Cocking1957.tot
Coltman1946.tot

Csikai1967.tot
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FarinaArbocco2013A001.tot
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Grimeland1955.tot
Groshev1955.L01

Groshev1955.tot
Holub1972.tot

Kaminishi1982.tot
Koehler1963.tot

Kononov1958.tot
LeRigoleur1966.tot

LeRigoleur1966A001.tot
Leipunskiy1958.tot

Leipunskiy1958A001.tot
Lyon1959.tot

Macklin1963.tot
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5.6 Sodium UKAEA-R(18)004
Integro-Differential Validation

23Na (n,p) 23Ne
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Bass1966.tot
Bormann1960.tot

Bostan2002.tot
Csikai1967.tot
Ercan1991.tot

Fessler2000.tot
Flesch1967.tot

Khurana1960.tot
Khurana1965.tot

Mitra1966.tot
Mukherjee1961.tot
Pasquarelli1967.tot

Paul1953.tot
Pepelnik1985.tot

Picard1965.tot
Prasad1966.tot
Satoh1994.tot

Schantl1970.tot
Weigmann1982.tot

Williamson1961.tot
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5.6 Sodium UKAEA-R(18)004
Integro-Differential Validation

23Na (n,t) 21Ne
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5.7 Magnesium UKAEA-R(18)004
Integro-Differential Validation

24Mg (n,p) 24Na
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Mannhart2007.tot

Molla1986.tot
Mostafa1976.tot
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Paul1953.tot
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5.7 Magnesium UKAEA-R(18)004
Integro-Differential Validation

24Mg (n,t) 22Na
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5.7 Magnesium UKAEA-R(18)004
Integro-Differential Validation

25Mg (n,p) 25Na
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Gopych1987.tot
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HyvoenenDabek1978.tot
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Kawade1992.tot
Nurmia1958.tot

Pasquarelli1967.tot
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5.7 Magnesium UKAEA-R(18)004
Integro-Differential Validation

26Mg (n,a) 23Ne
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Kasugai1998.tot
Kawade1992.tot
Nurmia1958.tot
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Prasad1966.tot
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5.8 Aluminium UKAEA-R(18)004
Integro-Differential Validation

27Al (n,p) 27Mg
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Csikai1982.tot
Csikai1986.tot

Cuzzocrea1968.tot
Depraz1960.tot
Dresler1973.tot

Enz1985.tot
Ercan1991.tot

Ferguson1967.tot
Fessler2000.tot

Filatenkov1999.tot
Forbes1952.tot
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Harper1982.tot
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5.8 Aluminium UKAEA-R(18)004
Integro-Differential Validation

27Al (n,t) 25Mg
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5.8 Aluminium UKAEA-R(18)004
Integro-Differential Validation

27Al (n,h) 25Na
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5.8 Aluminium UKAEA-R(18)004
Integro-Differential Validation

27Al (n,a) 24Na
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Bayhurst1961.tot

Bonazzola1964.tot
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Bormann1965.tot
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Gabbard1962.tot
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5.9 Silicon UKAEA-R(18)004
Integro-Differential Validation

28Si (n,p) 28Al
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5.9 Silicon UKAEA-R(18)004
Integro-Differential Validation

28Si (n,t) 26Al
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5.9 Silicon UKAEA-R(18)004
Integro-Differential Validation

29Si (n,p) 29Al
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Kawade1992.tot
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5.9 Silicon UKAEA-R(18)004
Integro-Differential Validation

29Si (n,2p) 28Mg
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5.9 Silicon UKAEA-R(18)004
Integro-Differential Validation

30Si (n,p) 30Al
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Kasugai2000.tot
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Schantl1970A001.tot
Singh1970.tot
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5.9 Silicon UKAEA-R(18)004
Integro-Differential Validation

30Si (n,a) 27Mg
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Ercan1991.tot
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Ikeda1988.tot
Janczyszyn1982.tot
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Khurana1965.tot
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Pasquarelli1967.tot
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Ranakumar1968.tot
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Singh1970.tot
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5.10 Phosphorus UKAEA-R(18)004
Integro-Differential Validation

31P (n,p) 31Si
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Pasquarelli1967.tot

Paul1953.tot
Paulsen1966.tot
Prasad1971.tot
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Robertson1973.tot

Schantl1970.tot
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5.10 Phosphorus UKAEA-R(18)004
Integro-Differential Validation

31P (n,t) 29Si
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5.10 Phosphorus UKAEA-R(18)004
Integro-Differential Validation

31P (n,h) 29Al
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5.10 Phosphorus UKAEA-R(18)004
Integro-Differential Validation

31P (n,a) 28Al
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Cuzzocrea1963.tot

Ercan1991.tot
Fessler2000.tot
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Garuska1978.tot
Gopych1987.tot

Grimeland1965.tot
Hannappel1979.tot
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Janczyszyn1982.tot
Kantele1962.tot
Kasugai1998.tot

Paul1953.tot
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5.11 Sulfur UKAEA-R(18)004
Integro-Differential Validation

32S (n,p) 32P
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AllenJr1957A002.tot
AllenJr1957A003.tot
AllenJr1957A004.tot

Barrall1969.tot
Barrall1969A001.tot

Khurana1960.tot
Khurana1965.tot

Klema1948.tot
Levkovskiy1963.tot
Levkovskiy1968.tot
Pasquarelli1967.tot

Paul1953.tot
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Ricamo1951.tot
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5.11 Sulfur UKAEA-R(18)004
Integro-Differential Validation

32S (n,t) 30P
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Kawade1990.tot
Khurana1965.tot
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Qaim1973.tot

Sacher1968.tot
Weigold1962.tot
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5.11 Sulfur UKAEA-R(18)004
Integro-Differential Validation

34S (n,p) 34P
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Bormann1967.tot

Gupta1985.tot
Kasugai2000.tot

Ngoc1980.tot
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Prasad1966.tot
Schantl1970.tot
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5.11 Sulfur UKAEA-R(18)004
Integro-Differential Validation

34S (n,a) 31Si
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AllenJr1957.tot
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5.12 Chlorine UKAEA-R(18)004
Integro-Differential Validation

35Cl (n,2n) 34mCl
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Peto1968.L00
Peto1968.L01

Prasad1967.L00
Prasad1967.L01

Rayburn1961.L01
Scalan1958.L00
Scalan1958.L01

SrinivasaRao1978.L01
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5.12 Chlorine UKAEA-R(18)004
Integro-Differential Validation

35Cl (n,t) 33S
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5.12 Chlorine UKAEA-R(18)004
Integro-Differential Validation

37Cl (n,p) 37S
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Belgaid1992.tot
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Khurana1965.tot
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5.12 Chlorine UKAEA-R(18)004
Integro-Differential Validation

37Cl (n,a) 34P
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Bormann1967.tot

Ngoc1980.tot
Paul1953.tot

Prasad1966.tot
Scalan1958.tot
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5.13 Argon UKAEA-R(18)004
Integro-Differential Validation

40Ar (n,t) 38Cl
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5.14 Potassium UKAEA-R(18)004
Integro-Differential Validation

39K (n,2n) 38gK
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Rayburn1961.L00
Sacher1968.L00
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5.14 Potassium UKAEA-R(18)004
Integro-Differential Validation

39K (n,pa) 35S
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5.14 Potassium UKAEA-R(18)004
Integro-Differential Validation

41K (n,g) 42K
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5.14 Potassium UKAEA-R(18)004
Integro-Differential Validation

41K (n,h) 39Cl
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5.14 Potassium UKAEA-R(18)004
Integro-Differential Validation

41K (n,a) 38Cl
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5.15 Calcium UKAEA-R(18)004
Integro-Differential Validation

40Ca (n,t) 38K
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5.15 Calcium UKAEA-R(18)004
Integro-Differential Validation

40Ca (n,h) 38Ar
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5.15 Calcium UKAEA-R(18)004
Integro-Differential Validation

42Ca (n,p) 42K
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Betak1999.tot
Csikai1967.tot

Hille1961.tot
Holmberg1978.tot

Ikeda1988.tot
Levkovskiy1963.tot
Levkovskiy1968.tot

Minetti1966.tot
Nagel1966.tot

Pepelnik1985.tot
Tiwari1968.tot
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5.15 Calcium UKAEA-R(18)004
Integro-Differential Validation

44Ca (n,p) 44K
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Betak1999.tot
Braun1968.tot
Csikai1967.tot

Hille1961.tot
Holmberg1978.tot

Ikeda1988.tot
Khurana1965.tot

Levkovskiy1963.tot
Levkovskiy1968.tot

Minetti1966.tot
Molla1977.tot

Pepelnik1985.tot
Schantl1970.tot
Tiwari1968.tot
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5.15 Calcium UKAEA-R(18)004
Integro-Differential Validation

44Ca (n,t) 42K
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5.15 Calcium UKAEA-R(18)004
Integro-Differential Validation

48Ca (n,2n) 47Ca
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Betak1999.tot
Csikai1967.tot

Hille1961.tot
Hillman1962.tot

Holmberg1978.tot
Ikeda1988.tot

Minetti1966.tot
Pepelnik1985.tot

Tiwari1968.tot
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5.16 Scandium UKAEA-R(18)004
Integro-Differential Validation

45Sc (n,2n) 44gSc
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Arnold1964.L01

Bayhurst1975.L01
Bayhurst1975A001.L01
Bayhurst1975A002.L01

Belgaid1992.L01
Bostan1994.L01

Bostan1994.tot
Bostan1997.L00
Bostan1997.L01

Bramlitt1963.L00
Cevolani1962.L00

Csikai1967.tot
Eapen1975.L00
Eapen1975.L01
Frehaut1980.tot

Hudson1978.L01
Hudson1978.tot
Ikeda1988.L00
Ikeda1988.L01

Iwasaki1996.L01
Kao1975.L01

Kao1975.tot
Khurana1961.L00

Luo2013.L00
Luo2013.L01

Luo2013.tot
MaHongChanggg1980.L00
MaHongChanggg1980.L01

MaHongChanggg1980.tot
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5.16 Scandium UKAEA-R(18)004
Integro-Differential Validation

45Sc (n,2n) 44mSc
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Arnold1964.L00
Arnold1964.L01

Bayhurst1975.L01
Bayhurst1975A001.L01
Bayhurst1975A002.L01

Belgaid1992.L01
Bostan1994.L01

Bostan1994.tot
Bostan1997.L00
Bostan1997.L01

Bramlitt1963.L00
Cevolani1962.L00

Csikai1967.tot
Eapen1975.L00
Eapen1975.L01
Frehaut1980.tot

Hudson1978.L01
Hudson1978.tot
Ikeda1988.L00
Ikeda1988.L01

Iwasaki1996.L01
Kao1975.L01

Kao1975.tot
Khurana1961.L00

Luo2013.L00
Luo2013.L01

Luo2013.tot
MaHongChanggg1980.L00
MaHongChanggg1980.L01
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5.16 Scandium UKAEA-R(18)004
Integro-Differential Validation

45Sc (n,h) 43K
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5.16 Scandium UKAEA-R(18)004
Integro-Differential Validation

45Sc (n,a) 42K
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Bayhurst1961.tot
Belgaid1992.tot
Bostan1994.tot

Bramlitt1963.tot
Doczi1998.tot

Garuska1980.tot
Grallert1993.tot

Greenwood1987.tot
Ikeda1988.tot

Khurana1960.tot
Levkovskiy1968.tot

Molla1998.tot
Mukherjee1961.tot

Pepelnik1985.tot
Subasi1998.tot
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5.17 Titanium UKAEA-R(18)004
Integro-Differential Validation

46Ti (n,2n) 45Ti
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Araminowicz1973.tot

Bormann1965.tot
Cevolani1962.tot

Crumpton1969.tot
Csikai1965.tot
Csikai1982.tot
Dighe1991.tot
Ikeda1988.tot

Maslov1972.tot
Molla1977.tot
Molla1983.tot

Pai1966.tot
Pansare1993.tot
Paulsen1975.tot

Poularikas1959.tot
Prestwood1961.tot

Rayburn1961.tot
Sigg1976.tot

ZhouMuyaoo1987.tot
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5.17 Titanium UKAEA-R(18)004
Integro-Differential Validation

46Ti (n,p) 46Sc
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Bormann1965.tot
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Ghorai1971.tot

Gueltekin2001.L01
HoangDacLuccc1986.L01

Ikeda1988.tot
Janczyszyn1973.L01

Kasugai1994.L01
Kayashima1979.tot

Kimura1990.tot
Koehler1964.tot

Levkovskiy1969.L00
Liskien1965.tot

LuHanLinnn1989.tot
Lukic1971.tot

Lukic1971A001.tot
Lukic1971A002.tot

Molla1977.L01
Molla1977.tot
Molla1986.tot

Molla1990.L01
Molla1990.tot

Osman1996.tot
Osman1996A001.tot

Pai1966.tot
Pepelnik1985.L01
Poularikas1959.tot
Ribansky1983.L00
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5.17 Titanium UKAEA-R(18)004
Integro-Differential Validation

47Ti (n,p) 47Sc
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Armitage1967.tot

Cross1963.tot
FanPeiguoo1985.tot

Firkin1983.tot
Ghorai1971.tot

Gonzalez1962.tot
Gonzalez1962A001.tot

Gotoh1975.tot
Hecker1989.tot

Hillman1962.tot
HoangDacLuccc1986.tot

Husain1983.tot
Ikeda1988.tot
Ikeda1990.tot
Ikeda1991.tot

Ikeda1991A001.tot
Levkovskiy1969.tot
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Mannhart1989A001.tot
Mannhart1989A002.tot

Molla1977.tot
Molla1986.tot

Osman1996.tot
Pai1966.tot

Poularikas1959.tot
Qaim1991.tot

Ribansky1983.tot
Senga2000.tot

Senga2000A001.tot
Senga2000A002.tot
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5.17 Titanium UKAEA-R(18)004
Integro-Differential Validation

48Ti (n,p) 48Sc
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Bormann1965.tot
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Cross1963.tot

Crumpton1969.tot
FanPeiguoo1985.tot
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Gabbard1962.tot

Gabbard1962A001.tot
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Lukic1971A002.tot
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Mannhart2007.tot
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5.17 Titanium UKAEA-R(18)004
Integro-Differential Validation

48Ti (n,t) 46Sc
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5.17 Titanium UKAEA-R(18)004
Integro-Differential Validation

49Ti (n,p) 49Sc
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Cross1963.tot
Gupta1985.tot

Khurana1960.tot
Levkovskiy1969.tot

Molla1977.tot
Molla1992.tot

Pai1966.tot
Poularikas1959.tot

Prasad1971.tot
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5.17 Titanium UKAEA-R(18)004
Integro-Differential Validation

50Ti (n,p) 50Sc
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Chindhade1982.L01
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Fessler2000.tot
Gupta1985.tot

HoangDacLuccc1986.tot
Ikeda1988.tot

Janczyszyn1973.L01
Kasugai1998.tot
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Khurana1960.tot
Koehler1964.tot

Molla1977.tot
Pai1966.tot
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5.17 Titanium UKAEA-R(18)004
Integro-Differential Validation

50Ti (n,a) 47Ca
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BovisioDeRicabarra1993.tot

Cross1963.tot
Grallert1993.tot
Hillman1962.tot

Ikeda1988.tot
Kayashima1979.tot
Levkovskiy1969.tot

Molla1977.tot
Osman1996.tot

Pepelnik1985.tot
Qaim1991.tot
Qaim1992.tot

Ribansky1983.tot
Subasi1996.tot
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5.18 Vanadium UKAEA-R(18)004
Integro-Differential Validation

51V (n,na) 47Sc
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Bormann1961.tot
Bormann1962.tot

Bormann1962A001.tot
Bormann1962A002.tot

Bramlitt1963.tot
Filatenkov2001.tot

Grallert1993.tot
Hillman1963.tot
Pepelnik1985.tot

Qaim1986.tot
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WangYongchangg1993.tot
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5.18 Vanadium UKAEA-R(18)004
Integro-Differential Validation

51V (n,g) 52V
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Agbemava2011.tot
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Bao2000.tot

Bouzyk1961.tot
Celenk1991.tot

Chaubey1966.tot
Colditz1968.tot
Csikai1967.tot

Dilg1974.tot
Dudey1969.tot

FarinaArbocco2013.tot
FarinaArbocco2013A001.tot

Gibbons1965.tot
Gleason1975.tot

Glickstein1963.tot
Holub1972.tot

Hummel1951.tot
Johnsrud1959.tot

Kapchigashev1965.tot
Koehler1967.tot

Kononov1958.tot
Leipunskiy1958.tot

Leipunskiy1958A001.tot
Lyon1959.tot

Macklin1957.tot
Macklin1963.tot

ManjushreeMajumderr1977.tot
Mughabghab2006.tot

Nyarko2010.tot
Pavlenko1975.tot
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5.18 Vanadium UKAEA-R(18)004
Integro-Differential Validation

51V (n,p) 51Ti
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Alarcon1987.tot
Anders1982.tot

Bormann1963.tot
Bramlitt1963.tot

Crumpton1969.tot
Dresler1973.tot
Fessler2000.tot
Furuta2008.tot
Gupta1985.tot
Ikeda1988.tot

KaihongFangg2008.tot
Katoh1989.tot
Khan1983.tot

Khurana1960.tot
Khurana1965.tot

Levkovskiy1969.tot
Mannhart2007.tot
Meadows1987.tot

Mitra1966.tot
Molla1977.tot
Ngoc1980.tot
Paul1953.tot

Pepelnik1985.tot
Poularikas1960.tot

Prasad1971.tot
Reimer2001.tot

Robertson1973.tot
Schwerer1976.tot
Shimitsu2000.tot

Smith1984.tot
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5.18 Vanadium UKAEA-R(18)004
Integro-Differential Validation

51V (n,t) 49Ti
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Woelfle1990.tot
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5.18 Vanadium UKAEA-R(18)004
Integro-Differential Validation

51V (n,h) 49Sc
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Bramlitt1962.tot
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5.18 Vanadium UKAEA-R(18)004
Integro-Differential Validation

51V (n,a) 48Sc
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Bormann1961.tot
Bramlitt1963.tot

CezarSuita1997.tot
Crumpton1969.tot

Doczi1998.tot
Dolya1977.tot

FanPeiguoo1985.tot
Filatenkov1999.tot
Filatenkov2001.tot

Gabbard1960.tot
Garuska1978.tot
Grallert1993.tot

Helfer1984.tot
Hillman1962.tot

Ikeda1988.tot
Kanno1984.tot
Khan1983.tot

Kimura1990.tot
Kumabe1958.tot

Levkovskiy1969.tot
LuHanLinnn1989.tot

Mannhart1975.tot
Mannhart2007.tot
Meadows1987.tot

Molla1977.tot
Molla1986.tot
Molla1994.tot

Paul1953.tot
Paulsen1974.tot

Pepelnik1985.tot
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5.19 Chromium UKAEA-R(18)004
Integro-Differential Validation

50Cr (n,2n) 49Cr
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Araminowicz1973.tot

Bahal1985.tot
Berrada1984.tot

Berrada1984A001.tot
Bormann1965.tot

Chatterjee1969.tot
Chittenden1961.tot

Dighe1991.tot
Ercan1991.tot

Ghorai1987.tot
Ikeda1988.tot

Khurana1961.tot
Mukherjee1961.tot

Pansare1993.tot
Pepelnik1985.tot

Qaim1972.tot
Rayburn1961.tot

Ribansky1985.tot
Sailer1977.tot
Sigg1976.tot

Uwamino1992.tot
Valkonen1976.tot

ZhouFengQunnn2005.tot
ZhouMuyaoo1987.tot
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5.19 Chromium UKAEA-R(18)004
Integro-Differential Validation

52Cr (n,2n) 51Cr
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Araminowicz1973.tot

Bormann1968.tot
Ercan1991.tot

Fessler1998.tot
Ghorai1987.tot

Ikeda1988.tot
Iwasaki1996.tot
Liskien1989.tot

Lychagin1988.tot
Mannhart2007.tot
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Molla1983.tot
Molla1997.tot
Qaim1972.tot

Ribansky1985.tot
Sailer1977.tot

Uno1996.tot
Wagner1989.tot
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ZhouFengQunnn2005.tot
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5.19 Chromium UKAEA-R(18)004
Integro-Differential Validation

52Cr (n,p) 52V
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Artemev1980.tot

Chittenden1961.tot
Clator1969.tot

Dresler1973.tot
Ercan1991.tot

Fessler1998.tot
Ghorai1987.tot
Gupta1985.tot

HoangDacLuccc1986.tot
Husain1967.tot

Ikeda1988.tot
Kasugai1998.tot
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Khurana1960.tot
Khurana1965.tot

Mannhart2007.tot
Mitra1966.tot
Molla1977.tot

Mukherjee1961.tot
Osman1996.tot

Paul1953.tot
Prasad1971.tot

Ribansky1985.tot
Smith1980.tot

TranDueThieppp2003.tot
Valkonen1976.tot

Viennot1982.tot
Viennot1991.tot
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5.19 Chromium UKAEA-R(18)004
Integro-Differential Validation

52Cr (n,t) 50V
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5.19 Chromium UKAEA-R(18)004
Integro-Differential Validation

53Cr (n,3n) 51Cr
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5.19 Chromium UKAEA-R(18)004
Integro-Differential Validation

53Cr (n,p) 53V
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Artemev1980.tot

Bahal1985.tot
Chittenden1961.tot

Ercan1991.tot
Fessler1998.tot

HoangDacLuccc1986.tot
Husain1967.tot

Kasugai1998.tot
Lalremruata2012.tot

Molla1977.tot
Osman1996.tot

Pepelnik1985.tot
Prasad1971.tot

Ribansky1985.tot
Smith1981.tot

TranDueThieppp2003.tot
Valkonen1976.tot

Viennot1982.tot
Viennot1991.tot
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5.19 Chromium UKAEA-R(18)004
Integro-Differential Validation

53Cr (n,h) 51Ti
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Webber1968.tot

UKAEA Page 126 of 531



5.19 Chromium UKAEA-R(18)004
Integro-Differential Validation

54Cr (n,a) 51Ti
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Artemev1980.tot

Dighe1991.tot
Ercan1991.tot

Fessler1998.tot
Grallert1993.tot

HoangDacLuccc1986.tot
Husain1967.tot

Kasugai1998.tot
Kawade1992.tot
Osman1996.tot

Qaim1974.tot
Ribansky1985.tot

Sailer1977.tot
TranDueThieppp2003.tot

Valkonen1976.tot
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5.20 Manganese UKAEA-R(18)004
Integro-Differential Validation

55Mn (n,2n) 54Mn
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Araminowicz1973.tot
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Bahal1985.tot

Barrall1969.tot
Barrall1969A001.tot

Berrada1984.tot
Bormann1969.tot

Bostan1994.tot
Csikai1967.tot
Deak1975.tot
Ercan1991.tot

Filatenkov1999.tot
Granger1963.tot

Greenwood1987.tot
Ikeda1988.tot

Iwasaki1996.tot
Kayashima1979.tot

Kimura1990.tot
LuHanlinn1980.tot

LuHanlinn1980A001.tot
Maslov1972.tot

Meadows1987.tot
Menlove1967.tot

Murata2008.tot
Nix1961.tot

Paulsen1965.tot
Sakuma1992.tot

Salnikov1971.tot
Schwerer1976.tot

Soewarsono1992.tot
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5.20 Manganese UKAEA-R(18)004
Integro-Differential Validation

55Mn (n,g) 56Mn
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Arbildo1986.tot

Bahal1985.tot
Bao2000.tot

Bartholomew1953.tot
Beghian1949.tot
Berreth1962.tot

Booth1958.tot
Bostrom1959.tot
Bouzyk1963.tot

Carre1966.tot
Chaturvedi1970.tot

Colditz1968.tot
Colmer1950.tot

Coltman1946.tot
Csikai1967.tot

Csikai1967A001.tot
Cummins1957.tot

Dejuren1955.tot
Dovbenko1969.tot

FarinaArbocco2013.tot
FarinaArbocco2013A001.tot

Gautam1990A001.tot
Hogg1970.tot

Hummel1951.tot
Huttel1963.tot

Johnsrud1959.tot
Koehler1967.tot
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5.20 Manganese UKAEA-R(18)004
Integro-Differential Validation

55Mn (n,p) 55Cr
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Bostan1994.tot
Ercan1991.tot

Langmann1962.tot
Minetti1967.tot

Mitra1966.tot
Prasad1971.tot
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5.20 Manganese UKAEA-R(18)004
Integro-Differential Validation

55Mn (n,t) 53Cr
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5.20 Manganese UKAEA-R(18)004
Integro-Differential Validation

55Mn (n,h) 53V
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5.20 Manganese UKAEA-R(18)004
Integro-Differential Validation

55Mn (n,a) 52V
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5.21 Iron UKAEA-R(18)004
Integro-Differential Validation

54Fe (n,2n) 53Fe
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5.21 Iron UKAEA-R(18)004
Integro-Differential Validation

54Fe (n,3n) 52gFe
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5.21 Iron UKAEA-R(18)004
Integro-Differential Validation

54Fe (n,p) 54Mn
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5.21 Iron UKAEA-R(18)004
Integro-Differential Validation

54Fe (n,a) 51Cr
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5.21 Iron UKAEA-R(18)004
Integro-Differential Validation

56Fe (n,p) 56Mn
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5.21 Iron UKAEA-R(18)004
Integro-Differential Validation

56Fe (n,t) 54Mn
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5.21 Iron UKAEA-R(18)004
Integro-Differential Validation

56Fe (n,h) 54Cr
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5.21 Iron UKAEA-R(18)004
Integro-Differential Validation

57Fe (n,p) 57Mn
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5.21 Iron UKAEA-R(18)004
Integro-Differential Validation

58Fe (n,g) 59Fe
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5.22 Cobalt UKAEA-R(18)004
Integro-Differential Validation

59Co (n,2n) 58mCo
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5.22 Cobalt UKAEA-R(18)004
Integro-Differential Validation

59Co (n,2n) 58Co
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5.22 Cobalt UKAEA-R(18)004
Integro-Differential Validation

59Co (n,3n) 57Co
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5.22 Cobalt UKAEA-R(18)004
Integro-Differential Validation

59Co (n,g) 60Co
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5.22 Cobalt UKAEA-R(18)004
Integro-Differential Validation

59Co (n,p) 59Fe
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5.22 Cobalt UKAEA-R(18)004
Integro-Differential Validation

59Co (n,t) 57Fe
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5.22 Cobalt UKAEA-R(18)004
Integro-Differential Validation

59Co (n,h) 57Mn
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5.22 Cobalt UKAEA-R(18)004
Integro-Differential Validation

59Co (n,a) 56Mn
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5.22 Cobalt UKAEA-R(18)004
Integro-Differential Validation

59Co (n,2a) 52V
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5.23 Nickel UKAEA-R(18)004
Integro-Differential Validation

58Ni (n,2n) 57Ni
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5.23 Nickel UKAEA-R(18)004
Integro-Differential Validation

58Ni (n,3n) 56Ni
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5.23 Nickel UKAEA-R(18)004
Integro-Differential Validation

58Ni (n,np) 57Co
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5.23 Nickel UKAEA-R(18)004
Integro-Differential Validation

58Ni (n,p) 58Co
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5.23 Nickel UKAEA-R(18)004
Integro-Differential Validation

60Ni (n,p) 60mCo
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5.23 Nickel UKAEA-R(18)004
Integro-Differential Validation

60Ni (n,p) 60Co
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5.23 Nickel UKAEA-R(18)004
Integro-Differential Validation

60Ni (n,t) 58Co

 0.2

 0.4

 0.6

 0.8

 1

d-B
e

1.00

1.00

C
/E

C/E = 0.11

1.
0E

-0
6

1.
0E

-0
5

1.
0E

-0
4

1.
0E

-0
3

1.
0E

-0
2

1.
0E

-0
1

1.2E+07 1.4E+07 1.6E+07 1.8E+07 2.0E+07 2.2E+07 2.4E+07 2.6E+07 2.8E+07 3.0E+07

C
ro

ss
 s

ec
ti

o
n
 (

b
)

Energy (eV)

TENDL17 total
TENDL17 g

TENDL17 m
Qaim1976.L00

UKAEA Page 158 of 531



5.23 Nickel UKAEA-R(18)004
Integro-Differential Validation

60Ni (n,2p) 59Fe
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5.23 Nickel UKAEA-R(18)004
Integro-Differential Validation

61Ni (n,p) 61Co
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5.23 Nickel UKAEA-R(18)004
Integro-Differential Validation

62Ni (n,p) 62gCo
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5.23 Nickel UKAEA-R(18)004
Integro-Differential Validation

62Ni (n,p) 62mCo
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5.23 Nickel UKAEA-R(18)004
Integro-Differential Validation

62Ni (n,a) 59Fe
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5.24 Copper UKAEA-R(18)004
Integro-Differential Validation

63Cu (n,2n) 62Cu
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5.24 Copper UKAEA-R(18)004
Integro-Differential Validation

63Cu (n,3n) 61Cu
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5.24 Copper UKAEA-R(18)004
Integro-Differential Validation

63Cu (n,g) 64Cu
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Schuman1970.tot
Seren1947.tot
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Tolstikov1966.tot
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5.24 Copper UKAEA-R(18)004
Integro-Differential Validation

63Cu (n,t) 61Ni
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5.24 Copper UKAEA-R(18)004
Integro-Differential Validation

63Cu (n,h) 61Co
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Bramlitt1962.tot

Diksic1974.tot
Pollehn1961.tot

Qaim1978.tot
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5.24 Copper UKAEA-R(18)004
Integro-Differential Validation

63Cu (n,a) 60Co
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Bormann1972.tot
Cserpak1994.L01

Csikai1991.tot
Csikai1991A001.tot

Czapp1960.tot
Ercan1991.L01

Filatenkov1999.tot
Garuska1980.tot
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Ikeda1996.tot

Kantele1962.L01
Kasugai1998.L01

Kayashima1979.tot
Konno1993.tot
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Meadows1996.tot
Meadows1996A001.tot
Meadows1996A002.tot

Paulsen1967.L01
Paulsen1967.tot

Paulsen1967A001.tot
Plompen2002.tot
Semkova2004.tot

WangYongchangg1990.tot
Winkler1978.tot
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Winkler1980A001.tot
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5.24 Copper UKAEA-R(18)004
Integro-Differential Validation

65Cu (n,2n) 64Cu
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Bonazzola1964.tot
Bormann1963.tot
Bormann1969.tot
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Clator1969.tot

Crumpton1969.tot
Csikai1965.tot
Csikai1967.tot
Csikai1982.tot

Cuzzocrea1968.tot
Depraz1960.tot

Ercan1991.tot
Filatenkov1999.tot

Forbes1952.tot
Ghanbari1986.tot

Ghanbari1986A001.tot
Glover1962.tot

Hafiz2007.tot
HarunArRashid2006.tot

Ikeda1988.tot
Ikeda1994.tot

Mannhart1975.tot
Mannhart2007.tot
McCrary1960.tot

Meadows1987.tot
Mogharrab1972.tot

Molla1994.tot
Nagel1966.tot
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5.24 Copper UKAEA-R(18)004
Integro-Differential Validation

65Cu (n,g) 66Cu
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Heil2005.tot
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Kononov1958.tot

Leipunskiy1958.tot
Leipunskiy1958A001.tot

Lyon1959.tot
Macklin1957.tot

Mughabghab2006.tot
Pasechnik1958.tot

Perkin1958.tot
Peto1967.tot

Pomerance1952.tot
Ryves1970.tot
Ryves1974.tot

Schuman1970.tot
Seren1947.tot

Stavisskiy1961.tot
Tolstikov1964.tot
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Voignier1992.tot
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5.24 Copper UKAEA-R(18)004
Integro-Differential Validation

65Cu (n,a) 62mCo
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5.24 Copper UKAEA-R(18)004
Integro-Differential Validation

65Cu (n,na) 61Co
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Bormann1962.tot
Bramlitt1963.tot
Kantele1962.tot

Kantele1962A001.tot
Qaim1974.tot

Ryves1978.tot
Santry1965.tot
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5.24 Copper UKAEA-R(18)004
Integro-Differential Validation

65Cu (n,p) 65Ni
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Depraz1960.tot
Dresler1973.tot

Ercan1991.tot
Filatenkov1999.tot

Forbes1952.tot
Furuta2008.tot
Gupta1985.tot
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Ikeda1988.tot

Mannhart2007.tot
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Meadows1987.tot
Mitra1967.tot
Molla1977.tot
Molla1994.tot
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Poularikas1959.tot
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Ryves1978.tot
Santry1965.tot
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5.25 Zinc UKAEA-R(18)004
Integro-Differential Validation

64Zn (n,2n) 63Zn
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Araminowicz1973.tot

Bhatia2013.tot
Bormann1963.tot
Bormann1969.tot
Bramlitt1963.tot

Cevolani1962.tot
Chatterjee1967.tot
Chatterjee1969.tot

Cohen1956.tot
Csikai1965.tot
Csikai1967.tot

Csikai1967A001.tot
Ercan1991.tot

Filatenkov1999.tot
Gabbard1961.tot

Ghorai1995.tot
Koehler1960.tot
Konno1993.tot

Mannhart2007.tot
Meadows1987.tot

Mitra1967.tot
Molla1983.tot

Paul1953.tot
Paulsen1965.tot

Preiss1960.tot
Qaim1972.tot

Ranakumar1968.tot
Rayburn1961.tot
Rayburn1963.tot

Rutherford1988.tot
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5.25 Zinc UKAEA-R(18)004
Integro-Differential Validation

64Zn (n,p) 64Cu
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Levkovskiy1963.tot
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Paul1953.tot
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5.25 Zinc UKAEA-R(18)004
Integro-Differential Validation

64Zn (n,t) 62Cu
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Baerg1961.tot
Csikai1968.tot
Diksic1974.tot
Qaim1973.tot

Uwamino1992.tot
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5.25 Zinc UKAEA-R(18)004
Integro-Differential Validation

64Zn (n,h) 62Ni
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5.25 Zinc UKAEA-R(18)004
Integro-Differential Validation

67Zn (n,h) 65Ni
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5.25 Zinc UKAEA-R(18)004
Integro-Differential Validation

68Zn (n,g) 69mZn
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Schuman1970.L01
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5.25 Zinc UKAEA-R(18)004
Integro-Differential Validation

68Zn (n,h) 66Ni
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5.25 Zinc UKAEA-R(18)004
Integro-Differential Validation

68Zn (n,a) 65Ni
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BarreiraFilho1982.tot

Blosser1955.tot
Bramlitt1963.tot

Ercan1991.tot
Garuska1980.tot

Ghorai1995.tot
Herman1980.tot
Konno1993.tot
Molla1994.tot

Mughabghab2006.tot
Nesaraja1999.tot

Preiss1960.tot
Qaim1971.tot

Ranakumar1968.tot
Santry1972.tot

Sato1971.tot
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UKAEA Page 182 of 531



5.26 Gallium UKAEA-R(18)004
Integro-Differential Validation

69Ga (n,2n) 68Ga
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Araminowicz1973.tot

Bormann1965.tot
Casanova1976.tot
Cevolani1962.tot

Chatterjee1967.tot
Chatterjee1969.tot

Csikai1967.tot
Khurana1961.tot

Luo2012.tot
Mitra1967.tot
Molla1983.tot

Paul1953.tot
Pu2003.tot

Raut2011.tot
Rayburn1961.tot

Sigg1976.tot
Valkonen1976.tot
Viktorov1972.tot
Wagner1971.tot
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5.26 Gallium UKAEA-R(18)004
Integro-Differential Validation

69Ga (n,t) 67Zn
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5.26 Gallium UKAEA-R(18)004
Integro-Differential Validation

71Ga (n,2n) 70Ga
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5.27 Germanium UKAEA-R(18)004
Integro-Differential Validation

74Ge (n,p) 74Ga
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5.27 Germanium UKAEA-R(18)004
Integro-Differential Validation

74Ge (n,t) 72Ga
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5.27 Germanium UKAEA-R(18)004
Integro-Differential Validation

76Ge (n,2n) 75mGe
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5.27 Germanium UKAEA-R(18)004
Integro-Differential Validation

76Ge (n,2n) 75Ge
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5.28 Arsenic UKAEA-R(18)004
Integro-Differential Validation

75As (n,p) 75mGe
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5.28 Arsenic UKAEA-R(18)004
Integro-Differential Validation

75As (n,p) 75Ge
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5.28 Arsenic UKAEA-R(18)004
Integro-Differential Validation

75As (n,t) 73Ge
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5.28 Arsenic UKAEA-R(18)004
Integro-Differential Validation

75As (n,h) 73Ga
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5.28 Arsenic UKAEA-R(18)004
Integro-Differential Validation

75As (n,a) 72Ga
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5.29 Selenium UKAEA-R(18)004
Integro-Differential Validation

78Se (n,2n) 77mSe
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5.29 Selenium UKAEA-R(18)004
Integro-Differential Validation

80Se (n,t) 78As
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5.29 Selenium UKAEA-R(18)004
Integro-Differential Validation

82Se (n,2n) 81Se
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5.30 Bromine UKAEA-R(18)004
Integro-Differential Validation

79Br (n,2n) 78Br
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5.30 Bromine UKAEA-R(18)004
Integro-Differential Validation

81Br (n,2n) 80gBr
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5.31 Rubidium UKAEA-R(18)004
Integro-Differential Validation

85Rb (n,2n) 84Rb
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5.31 Rubidium UKAEA-R(18)004
Integro-Differential Validation

87Rb (n,2n) 86mRb
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5.32 Strontium UKAEA-R(18)004
Integro-Differential Validation

84Sr (n,2n) 83Sr
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5.32 Strontium UKAEA-R(18)004
Integro-Differential Validation
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5.32 Strontium UKAEA-R(18)004
Integro-Differential Validation
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5.32 Strontium UKAEA-R(18)004
Integro-Differential Validation
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5.32 Strontium UKAEA-R(18)004
Integro-Differential Validation
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5.32 Strontium UKAEA-R(18)004
Integro-Differential Validation
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5.33 Yttrium UKAEA-R(18)004
Integro-Differential Validation
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5.33 Yttrium UKAEA-R(18)004
Integro-Differential Validation
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5.33 Yttrium UKAEA-R(18)004
Integro-Differential Validation
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5.33 Yttrium UKAEA-R(18)004
Integro-Differential Validation
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5.33 Yttrium UKAEA-R(18)004
Integro-Differential Validation
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5.33 Yttrium UKAEA-R(18)004
Integro-Differential Validation
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5.33 Yttrium UKAEA-R(18)004
Integro-Differential Validation
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5.34 Zirconium UKAEA-R(18)004
Integro-Differential Validation
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5.34 Zirconium UKAEA-R(18)004
Integro-Differential Validation
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5.34 Zirconium UKAEA-R(18)004
Integro-Differential Validation
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5.34 Zirconium UKAEA-R(18)004
Integro-Differential Validation
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5.34 Zirconium UKAEA-R(18)004
Integro-Differential Validation
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Integro-Differential Validation
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Integro-Differential Validation

96Zr (n,2n) 95Zr

 0.6

 0.7

 0.8

 0.9

 1

 1.1

fn
s_

7hour
fzk_1

1.06

0.94

C
/E

C/E = 0.99

C/E = 0.71

0.
0E

+
00

2.
0E

-0
1

4.
0E

-0
1

6.
0E

-0
1

8.
0E

-0
1

1.
0E

+
00

1.
2E

+
00

1.
4E

+
00

1.
6E

+
00

1.
8E

+
00

2.
0E

+
00

1.0E+07 1.5E+07 2.0E+07 2.5E+07 3.0E+07

C
ro

ss
 s

ec
ti

o
n
 (

b
)

Energy (eV)

TENDL17 total
Araminowicz1973.tot

Filatenkov1999.tot
Fukuda1978.tot

Greenwood1987.tot
IbnMajah1990.tot

Ikeda1988.tot
Lu1970.tot

LuHanlinn1991.tot
Majah2001.tot
Molla1991.tot
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5.34 Zirconium UKAEA-R(18)004
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Macklin1963.tot
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Pomerance1952.tot
Ricabarra1970.tot

Santry1973.tot
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Schuman1970.tot
Tagliente2008.tot
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Wagner1980.tot
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Integro-Differential Validation
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5.35 Niobium UKAEA-R(18)004
Integro-Differential Validation
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5.35 Niobium UKAEA-R(18)004
Integro-Differential Validation
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Integro-Differential Validation
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Integro-Differential Validation
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5.35 Niobium UKAEA-R(18)004
Integro-Differential Validation
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Integro-Differential Validation
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Integro-Differential Validation
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Integro-Differential Validation
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Bhike2012.L01
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Doczi1998.L01
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Kimura1990.L01
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Integro-Differential Validation
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Integro-Differential Validation
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Integro-Differential Validation
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Artemev1980.tot
Atsumi1984.L00
Atsumi1984.L01
Fukuda1978.L00
Grallert1993.L01

Ikeda1988.L01
Ikeda1988.tot

KongXiangzhongg1992.L00
KongXiangzhongg1992.L01

Liskien1990.L00
Liskien1990.L01

Marcinkowski1986.L01
Marcinkowski1986.tot

Molla1986.tot
Molla1997.tot
Qaim1974.tot

Rahman1985.tot
Reimer2001.L01
Reimer2005.L01

Reimer2005.tot
Reimer2005A001.L01

Semkova2014.L01
Semkova2014.tot
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Integro-Differential Validation

95Mo (n,p) 95mNb

 0

 0.2

 0.4

 0.6

 0.8

 1

 1.2

cf252_flu
x_1

fng_Mo

fzk_ss3
16

1.23

0.81

C
/E

C/E = 0.32

C/E = 0.85

C/E = 0.46

0.
0E

+
00

1.
0E

-0
2

2.
0E

-0
2

3.
0E

-0
2

4.
0E

-0
2

5.
0E

-0
2

6.
0E

-0
2

5.0E+06 1.0E+07 1.5E+07 2.0E+07 2.5E+07 3.0E+07

C
ro

ss
 s

ec
ti

o
n
 (

b
)

Energy (eV)

TENDL17 total
TENDL17 g

TENDL17 m
Amemiya1982.L00
Artemev1980.L01

Artemev1980.tot
Atsumi1984.L00
Atsumi1984.L01
Fukuda1978.L00
Grallert1993.L01

Ikeda1988.L01
Ikeda1988.tot
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Integro-Differential Validation

95Mo (n,p) 95Nb

 0.2

 0.4

 0.6

 0.8

 1

 1.2

cf2
52_flu

x_1

1.22

0.82

C
/E

C/E = 0.01

0.
0E

+
00

1.
0E

-0
2

2.
0E

-0
2

3.
0E

-0
2

4.
0E

-0
2

5.
0E

-0
2

6.
0E

-0
2

5.0E+06 1.0E+07 1.5E+07 2.0E+07 2.5E+07 3.0E+07

C
ro

ss
 s

ec
ti

o
n
 (

b
)

Energy (eV)

TENDL17 total
TENDL17 g

TENDL17 m
Amemiya1982.L00
Artemev1980.L01

Artemev1980.tot
Atsumi1984.L00
Atsumi1984.L01
Fukuda1978.L00
Grallert1993.L01

Ikeda1988.L01
Ikeda1988.tot

KongXiangzhongg1992.L00
KongXiangzhongg1992.L01

Liskien1990.L00
Liskien1990.L01

Marcinkowski1986.L01
Marcinkowski1986.tot

Molla1986.tot
Molla1997.tot
Qaim1974.tot

Rahman1985.tot
Reimer2001.L01
Reimer2005.L01

Reimer2005.tot
Reimer2005A001.L01

Semkova2014.L01
Semkova2014.tot

UKAEA Page 245 of 531
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Integro-Differential Validation
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Atsumi1984.L01

Ikeda1988.L01
Ikeda1988.tot
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Filatenkov2001.tot
Fujino1977.tot

Grallert1993.tot
Ikeda1988.tot

KongXiangzhongg1991.tot
Liskien1990.tot
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Marcinkowski1986.tot

Molla1986.tot
Molla1997.tot

Osman1996.tot
Pepelnik1985.tot

Qaim1974.tot
Rahman1985.tot
Reimer2001.tot
Reimer2005.tot

Reimer2005A001.tot
Semkova2014.tot
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Strohal1962.tot
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Integro-Differential Validation
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Cabell1961.tot

Chaturvedi1970.tot
Dahlberg1961.tot
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FarinaArbocco2013.tot
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Gleason1977.tot
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Lyon1959.tot

Macklin1957.tot
Mughabghab2006.tot
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Integro-Differential Validation
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Integro-Differential Validation
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Amemiya1982.tot
Artemev1980.tot

Atsumi1984.tot
Filatenkov1999.tot

Fukuda1978.tot
Ikeda1988.tot

KongXiangzhongg1992.tot
Liskien1990.tot

Lu1970.tot
Molla1997.tot
Qaim1974.tot

Rahman1985.tot
Reimer2005.tot

Semkova2014.tot
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Integro-Differential Validation
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Filatenkov1999.tot
Filatenkov2001.tot

Fujino1977.tot
Ikeda1988.tot

Khurana1961.tot
KongXiangzhongg1991.tot
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Marcinkowski1986.tot
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Molla1986.tot

Osman1996.tot
Paul1953.tot

Qaim1972.tot
Rahman1985.tot
Reimer2001.tot
Reimer2005.tot
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Semkova2014.tot
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Weston1960.tot
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Filatenkov2001.tot
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Ikeda1988.tot

Liskien1990.tot
Marcinkowski1986.tot

Qaim1974.tot
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Integro-Differential Validation
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5.37 Ruthenium UKAEA-R(18)004
Integro-Differential Validation
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5.37 Ruthenium UKAEA-R(18)004
Integro-Differential Validation
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5.38 Rhodium UKAEA-R(18)004
Integro-Differential Validation

103Rh (n,n) 103mRh
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5.38 Rhodium UKAEA-R(18)004
Integro-Differential Validation

103Rh (n,2n) 102gRh
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5.38 Rhodium UKAEA-R(18)004
Integro-Differential Validation
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5.38 Rhodium UKAEA-R(18)004
Integro-Differential Validation
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5.38 Rhodium UKAEA-R(18)004
Integro-Differential Validation
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5.39 Palladium UKAEA-R(18)004
Integro-Differential Validation
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5.39 Palladium UKAEA-R(18)004
Integro-Differential Validation
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5.39 Palladium UKAEA-R(18)004
Integro-Differential Validation
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5.39 Palladium UKAEA-R(18)004
Integro-Differential Validation
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5.40 Silver UKAEA-R(18)004
Integro-Differential Validation
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5.40 Silver UKAEA-R(18)004
Integro-Differential Validation
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5.40 Silver UKAEA-R(18)004
Integro-Differential Validation
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5.40 Silver UKAEA-R(18)004
Integro-Differential Validation
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5.41 Cadmium UKAEA-R(18)004
Integro-Differential Validation
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5.41 Cadmium UKAEA-R(18)004
Integro-Differential Validation
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5.41 Cadmium UKAEA-R(18)004
Integro-Differential Validation
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5.42 Indium UKAEA-R(18)004
Integro-Differential Validation
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5.42 Indium UKAEA-R(18)004
Integro-Differential Validation
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5.42 Indium UKAEA-R(18)004
Integro-Differential Validation
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5.42 Indium UKAEA-R(18)004
Integro-Differential Validation
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5.42 Indium UKAEA-R(18)004
Integro-Differential Validation
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5.42 Indium UKAEA-R(18)004
Integro-Differential Validation
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5.42 Indium UKAEA-R(18)004
Integro-Differential Validation
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5.42 Indium UKAEA-R(18)004
Integro-Differential Validation
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5.42 Indium UKAEA-R(18)004
Integro-Differential Validation
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5.42 Indium UKAEA-R(18)004
Integro-Differential Validation
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5.43 Tin UKAEA-R(18)004
Integro-Differential Validation
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5.43 Tin UKAEA-R(18)004
Integro-Differential Validation
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5.43 Tin UKAEA-R(18)004
Integro-Differential Validation
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5.43 Tin UKAEA-R(18)004
Integro-Differential Validation
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5.43 Tin UKAEA-R(18)004
Integro-Differential Validation
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5.43 Tin UKAEA-R(18)004
Integro-Differential Validation
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5.43 Tin UKAEA-R(18)004
Integro-Differential Validation

117Sn (n,p) 117In

 0.7

 0.8

 0.9

 1

 1.1

 1.2

 1.3

fng_Sn

1.20

0.83

C
/E

C/E = 0.75

0.
0E

+
00

5.
0E

-0
3

1.
0E

-0
2

1.
5E

-0
2

2.
0E

-0
2

2.
5E

-0
2

3.
0E

-0
2

3.
5E

-0
2

5.0E+06 1.0E+07 1.5E+07 2.0E+07 2.5E+07 3.0E+07

C
ro

ss
 s

ec
ti

o
n
 (

b
)

Energy (eV)

TENDL17 total
TENDL17 g

TENDL17 m
Betak2005.L00
Betak2005.L01

Brzosko1963.L00
Brzosko1963.L01

Grallert1993.tot
Grochulski1975.tot

Hasan1972.L00
Hasan1972.L01
Ikeda1988.L00
Ikeda1988.L01

Klyucharev1963.tot
Lu1970.L00
Lu1970.L01

Lulic1968.L00
Lulic1968.L01

PuZhongShenggg2011.L00
PuZhongShenggg2011.L01

Struwe1974.L00
Struwe1974.L01

Struwe1974.tot

UKAEA Page 289 of 531



5.43 Tin UKAEA-R(18)004
Integro-Differential Validation
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5.43 Tin UKAEA-R(18)004
Integro-Differential Validation
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5.43 Tin UKAEA-R(18)004
Integro-Differential Validation
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5.43 Tin UKAEA-R(18)004
Integro-Differential Validation
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5.43 Tin UKAEA-R(18)004
Integro-Differential Validation
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5.43 Tin UKAEA-R(18)004
Integro-Differential Validation
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5.43 Tin UKAEA-R(18)004
Integro-Differential Validation

120Sn (n,a) 117mCd
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5.43 Tin UKAEA-R(18)004
Integro-Differential Validation

124Sn (n,2n) 123gSn
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5.43 Tin UKAEA-R(18)004
Integro-Differential Validation

124Sn (n,2n) 123mSn
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5.44 Antimony UKAEA-R(18)004
Integro-Differential Validation

121Sb (n,2n) 120gSb
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5.44 Antimony UKAEA-R(18)004
Integro-Differential Validation

121Sb (n,t) 119Sn
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5.45 Tellurium UKAEA-R(18)004
Integro-Differential Validation

128Te (n,t) 126Sb
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5.45 Tellurium UKAEA-R(18)004
Integro-Differential Validation

130Te (n,2n) 129gTe
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5.46 Iodine UKAEA-R(18)004
Integro-Differential Validation

127I (n,2n) 126I
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5.46 Iodine UKAEA-R(18)004
Integro-Differential Validation

127I (n,g) 128I
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5.46 Iodine UKAEA-R(18)004
Integro-Differential Validation

127I (n,h) 125Sb
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5.46 Iodine UKAEA-R(18)004
Integro-Differential Validation

127I (n,a) 124Sb
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5.47 Caesium UKAEA-R(18)004
Integro-Differential Validation

133Cs (n,2n) 132Cs
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5.47 Caesium UKAEA-R(18)004
Integro-Differential Validation

133Cs (n,h) 131I
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5.48 Barium UKAEA-R(18)004
Integro-Differential Validation

134Ba (n,2n) 133mBa
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5.48 Barium UKAEA-R(18)004
Integro-Differential Validation

134Ba (n,g) 135Ba
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5.48 Barium UKAEA-R(18)004
Integro-Differential Validation

134Ba (n,t) 132Cs
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5.48 Barium UKAEA-R(18)004
Integro-Differential Validation

136Ba (n,2n) 135mBa
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5.48 Barium UKAEA-R(18)004
Integro-Differential Validation

136Ba (n,g) 137Ba
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5.48 Barium UKAEA-R(18)004
Integro-Differential Validation
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5.48 Barium UKAEA-R(18)004
Integro-Differential Validation

138Ba (n,2n) 137mBa
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5.48 Barium UKAEA-R(18)004
Integro-Differential Validation
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Johnsrud1959.tot
Kononov1958.tot

Kramer1965.tot
Leipunskiy1958.tot

Leipunskiy1958A001.tot
Lyon1959.tot

Macklin1957.tot
Magnusson1980.tot

ManjushreeMajumderr1977.tot
Mughabghab2006.tot

Mughabghab2006A001.tot
Nyarko2010.tot

Pasechnik1958.tot
Pepelnik1985.tot

Perkin1958.tot
Peto1967.tot

Pomerance1952.tot
Schwerer1976.tot
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5.48 Barium UKAEA-R(18)004
Integro-Differential Validation

138Ba (n,p) 138Cs
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Filatenkov1999.tot
Ikeda1988.tot

Lalremruata2012.tot
Pepelnik1985.L01
RamaRao1986.tot
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5.49 Lanthanum UKAEA-R(18)004
Integro-Differential Validation

139La (n,g) 140La
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Chaturvedi1970.tot

Chaubey1966.tot
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Cummins1957.tot
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De1977A001.tot

FarinaArbocco2013.tot
FarinaArbocco2013A001.tot
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Igashira2007.tot
Johnsrud1959.tot
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Lyon1959.tot
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Mannhart1975.tot
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Mughabghab2006A001.tot

Obrien2003.tot
ObrienJr1967.tot
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Peto1967.tot
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5.49 Lanthanum UKAEA-R(18)004
Integro-Differential Validation

139La (n,p) 139Ba
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Achour1986.tot

Agrawal2008.tot
Bari1982.tot

Begun2000.tot
Begun2002.tot

Coleman1959.tot
Csikai1967.tot

Cuzzocrea1967.tot
Havlik1971.tot

JunhuaLuoo2010.tot
Kasugai1997.tot

Levkovskiy1968.tot
Paul1953.tot

Wille1960.tot
ZhongshengPuu2004.tot
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5.49 Lanthanum UKAEA-R(18)004
Integro-Differential Validation

139La (n,t) 137Ba

 0.7

 0.8

 0.9

 1

 1.1

 1.2

d-B
e

1.00

1.00

C
/E C/E = 0.93

1.
0E

-0
6

1.
0E

-0
5

1.
0E

-0
4

1.
0E

-0
3

1.
0E

-0
2

1.4E+07 1.6E+07 1.8E+07 2.0E+07 2.2E+07 2.4E+07 2.6E+07 2.8E+07 3.0E+07

C
ro

ss
 s

ec
ti

o
n
 (

b
)

Energy (eV)

TENDL17 total
TENDL17 g

TENDL17 m
Achour1986.L01
Begun2000.L01
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5.49 Lanthanum UKAEA-R(18)004
Integro-Differential Validation

139La (n,h) 137Cs
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5.49 Lanthanum UKAEA-R(18)004
Integro-Differential Validation

139La (n,a) 136Cs
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5.50 Cerium UKAEA-R(18)004
Integro-Differential Validation

140Ce (n,2n) 139mCe
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5.50 Cerium UKAEA-R(18)004
Integro-Differential Validation

140Ce (n,a) 137mBa
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5.50 Cerium UKAEA-R(18)004
Integro-Differential Validation

142Ce (n,p) 142La
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Coleman1959.tot

Cuzzocrea1967.tot
Prasad1971.tot
Qaim1976.tot

Schwerer1976.tot
Wille1960.tot
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5.51 Praseodymium UKAEA-R(18)004
Integro-Differential Validation

141Pr (n,2n) 140Pr
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5.51 Praseodymium UKAEA-R(18)004
Integro-Differential Validation

141Pr (n,t) 139Ce
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5.52 Neodymium UKAEA-R(18)004
Integro-Differential Validation

142Nd (n,2n) 141mNd
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5.52 Neodymium UKAEA-R(18)004
Integro-Differential Validation

146Nd (n,h) 144Ce
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5.52 Neodymium UKAEA-R(18)004
Integro-Differential Validation

146Nd (n,a) 143Ce
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5.52 Neodymium UKAEA-R(18)004
Integro-Differential Validation

150Nd (n,2n) 149Nd
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5.53 Samarium UKAEA-R(18)004
Integro-Differential Validation

144Sm (n,2n) 143mSm
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Sakane2001.L01
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5.53 Samarium UKAEA-R(18)004
Integro-Differential Validation

144Sm (n,2n) 143Sm
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5.53 Samarium UKAEA-R(18)004
Integro-Differential Validation

150Sm (n,p) 150Pm
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5.53 Samarium UKAEA-R(18)004
Integro-Differential Validation

152Sm (n,a) 149Nd
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5.53 Samarium UKAEA-R(18)004
Integro-Differential Validation

154Sm (n,2n) 153Sm
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5.54 Gadolinium UKAEA-R(18)004
Integro-Differential Validation
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5.54 Gadolinium UKAEA-R(18)004
Integro-Differential Validation
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5.54 Gadolinium UKAEA-R(18)004
Integro-Differential Validation

160Gd (n,2n) 159Gd

 0.8

 0.9

 1

 1.1

 1.2

 1.3

 1.4

 1.5

 1.6

 1.7

fns_5min

fng_ScSmGd

1.16

0.86

C
/E

C/E = 1.35

C/E = 0.91

0.
0E

+
00

5.
0E

-0
1

1.
0E

+
00

1.
5E

+
00

2.
0E

+
00

2.
5E

+
00

3.
0E

+
00

3.
5E

+
00

1.0E+07 1.5E+07 2.0E+07 2.5E+07 3.0E+07

C
ro

ss
 s

ec
ti

o
n
 (

b
)

Energy (eV)

TENDL17 total
Bari1971.tot

Frehaut1980.tot
Havlik1971.tot

JunhuaLuoo2010.tot
Kasugai1997.tot
Khurana1961.tot
Kumabe1977.tot

LakshmanaDas1974.tot
Paul1953.tot

PuZhongShenggg2005.tot
Qaim1974.tot

RamaPrasad1969.tot
Robertson1973.tot
Viktorov1972.tot

Wille1960.tot

UKAEA Page 339 of 531



5.54 Gadolinium UKAEA-R(18)004
Integro-Differential Validation
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5.54 Gadolinium UKAEA-R(18)004
Integro-Differential Validation
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5.55 Terbium UKAEA-R(18)004
Integro-Differential Validation
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5.55 Terbium UKAEA-R(18)004
Integro-Differential Validation
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5.55 Terbium UKAEA-R(18)004
Integro-Differential Validation
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5.55 Terbium UKAEA-R(18)004
Integro-Differential Validation
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5.56 Dysprosium UKAEA-R(18)004
Integro-Differential Validation
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5.56 Dysprosium UKAEA-R(18)004
Integro-Differential Validation
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5.56 Dysprosium UKAEA-R(18)004
Integro-Differential Validation
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5.56 Dysprosium UKAEA-R(18)004
Integro-Differential Validation
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5.56 Dysprosium UKAEA-R(18)004
Integro-Differential Validation
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5.56 Dysprosium UKAEA-R(18)004
Integro-Differential Validation
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5.56 Dysprosium UKAEA-R(18)004
Integro-Differential Validation
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5.56 Dysprosium UKAEA-R(18)004
Integro-Differential Validation
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5.56 Dysprosium UKAEA-R(18)004
Integro-Differential Validation
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5.57 Holmium UKAEA-R(18)004
Integro-Differential Validation
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5.57 Holmium UKAEA-R(18)004
Integro-Differential Validation
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5.57 Holmium UKAEA-R(18)004
Integro-Differential Validation
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5.57 Holmium UKAEA-R(18)004
Integro-Differential Validation
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5.57 Holmium UKAEA-R(18)004
Integro-Differential Validation
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KaihongFangg2008.tot

Mughabghab2006.tot
Qaim1984.tot

RamaPrasad1969.tot
Ryves1990.tot

Sakane1996.tot
Sakane1997.tot
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5.58 Erbium UKAEA-R(18)004
Integro-Differential Validation
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LakshmanaDas1974.tot
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Qaim1974.tot

RamaPrasad1969.tot
XiangzhongKongg1998.tot
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5.58 Erbium UKAEA-R(18)004
Integro-Differential Validation
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5.58 Erbium UKAEA-R(18)004
Integro-Differential Validation

166Er (n,2n) 165Er

 1

 2

 3

 4

 5

 6

 7

fn
s_

5min

1.09

0.92

C
/E

C/E = 5.02

0.
0E

+
00

5.
0E

-0
1

1.
0E

+
00

1.
5E

+
00

2.
0E

+
00

2.
5E

+
00

1.0E+07 1.5E+07 2.0E+07 2.5E+07 3.0E+07

C
ro

ss
 s

ec
ti

o
n
 (

b
)

Energy (eV)

TENDL17 total
Dilg1968.tot

Liljavirta1978.tot
Qaim1974.tot
Wille1960.tot
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5.58 Erbium UKAEA-R(18)004
Integro-Differential Validation

166Er (n,p) 166gHo
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Dzysiuk2012.tot
JunhuaLuoo2011.L00

Liljavirta1978.L00
Qaim1974.L00

XiangzhongKongg1998.L00
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5.58 Erbium UKAEA-R(18)004
Integro-Differential Validation
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5.58 Erbium UKAEA-R(18)004
Integro-Differential Validation
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5.58 Erbium UKAEA-R(18)004
Integro-Differential Validation
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5.58 Erbium UKAEA-R(18)004
Integro-Differential Validation
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5.59 Thulium UKAEA-R(18)004
Integro-Differential Validation

169Tm (n,2n) 168Tm

 0.7

 0.8

 0.9

 1

 1.1

 1.2

fn
s_

5min

1.08

0.93C
/E C/E = 0.90

0.
0E

+
00

5.
0E

-0
1

1.
0E

+
00

1.
5E

+
00

2.
0E

+
00

2.
5E

+
00

1.0E+07 1.5E+07 2.0E+07 2.5E+07 3.0E+07

C
ro

ss
 s

ec
ti

o
n
 (

b
)

Energy (eV)

TENDL17 total
Bari1971.tot

Bayhurst1975.tot
Bayhurst1975A001.tot
Bayhurst1975A002.tot
ChuanxinZhuu2011.tot

Dilg1968.tot
Druzhinin1971.tot

Frehaut1980.tot
Greenwood1987.tot

Iwasaki1994.tot
Konno1993.tot
Laurec1981.tot

LuHanlinn1985.tot
Mather1972.tot

Nethaway1972.tot
Qaim1974.tot

Tewes1960.tot
Vallis1966.tot

Veeser1977.tot
Vos1973.tot

WangXiuyuann1989.tot
XiangzhongKongg1997.tot
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5.60 Ytterbium UKAEA-R(18)004
Integro-Differential Validation
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Bari1971.tot
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5.60 Ytterbium UKAEA-R(18)004
Integro-Differential Validation

174Yb (n,p) 174Tm
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5.60 Ytterbium UKAEA-R(18)004
Integro-Differential Validation
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5.60 Ytterbium UKAEA-R(18)004
Integro-Differential Validation
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Dzysiuk2012.tot
Pandey2014.tot

Qaim1984.tot
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XiangzhongKongg1997.tot
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5.61 Lutetium UKAEA-R(18)004
Integro-Differential Validation

175Lu (n,g) 176mLu
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5.61 Lutetium UKAEA-R(18)004
Integro-Differential Validation
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5.61 Lutetium UKAEA-R(18)004
Integro-Differential Validation
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5.61 Lutetium UKAEA-R(18)004
Integro-Differential Validation
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5.62 Hafnium UKAEA-R(18)004
Integro-Differential Validation
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Hillman1969.tot

LakshmanaDas1981.tot
Patrick1990.tot

Qaim1974.tot
Serris2012.tot

Vlastou2007.tot
XiangzhongKongg1998.tot
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5.62 Hafnium UKAEA-R(18)004
Integro-Differential Validation

176Hf (n,2n) 175Hf

 0.85

 0.9

 0.95

 1

 1.05

 1.1

 1.15

 1.2

fng_hafnium

1.08

0.93

C
/E C/E = 1.01

0.
0E

+
00

5.
0E

-0
1

1.
0E

+
00

1.
5E

+
00

2.
0E

+
00

2.
5E

+
00

1.0E+07 1.5E+07 2.0E+07 2.5E+07 3.0E+07

C
ro

ss
 s

ec
ti

o
n
 (

b
)

Energy (eV)

TENDL17 total
Dilg1968.tot

Hillman1969.tot
Kiraly2001.tot

LakshmanaDas1974.tot
LuHanlinn1999.tot
Meadows1996.tot

Meadows1996A001.tot
Meadows1996A002.tot

Patrick1990.tot
Qaim1974.tot
Serris2012.tot

Vlastou2007.tot
XiangzhongKongg1998.tot

ZhuChuanXinnn2010.tot

UKAEA Page 378 of 531



5.62 Hafnium UKAEA-R(18)004
Integro-Differential Validation

178Hf (n,p) 178mLu

 0.7

 0.8

 0.9

 1

 1.1

 1.2

 1.3

 1.4

fng_hafnium

1.36

0.73

C
/E

C/E = 1.01

1.
0E

-0
4

1.
0E

-0
3

1.
0E

-0
2

5.0E+06 1.0E+07 1.5E+07 2.0E+07 2.5E+07 3.0E+07

C
ro

ss
 s

ec
ti

o
n
 (

b
)

Energy (eV)

TENDL17 total
TENDL17 g

TENDL17 m
Kirov1993.L00
Kirov1993.L01

Meason1966.L00
Meason1966.L01

Murahira1995.L01

UKAEA Page 379 of 531



5.62 Hafnium UKAEA-R(18)004
Integro-Differential Validation
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5.62 Hafnium UKAEA-R(18)004
Integro-Differential Validation
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5.62 Hafnium UKAEA-R(18)004
Integro-Differential Validation
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5.62 Hafnium UKAEA-R(18)004
Integro-Differential Validation
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5.62 Hafnium UKAEA-R(18)004
Integro-Differential Validation
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5.62 Hafnium UKAEA-R(18)004
Integro-Differential Validation
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5.63 Tantalum UKAEA-R(18)004
Integro-Differential Validation
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5.63 Tantalum UKAEA-R(18)004
Integro-Differential Validation
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5.63 Tantalum UKAEA-R(18)004
Integro-Differential Validation
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5.63 Tantalum UKAEA-R(18)004
Integro-Differential Validation
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5.63 Tantalum UKAEA-R(18)004
Integro-Differential Validation
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UKAEA Page 390 of 531



5.63 Tantalum UKAEA-R(18)004
Integro-Differential Validation
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5.63 Tantalum UKAEA-R(18)004
Integro-Differential Validation
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5.63 Tantalum UKAEA-R(18)004
Integro-Differential Validation
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5.63 Tantalum UKAEA-R(18)004
Integro-Differential Validation
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5.63 Tantalum UKAEA-R(18)004
Integro-Differential Validation
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5.63 Tantalum UKAEA-R(18)004
Integro-Differential Validation
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5.63 Tantalum UKAEA-R(18)004
Integro-Differential Validation

181Ta (n,a) 178mLu

 0.8

 1

 1.2

 1.4

 1.6

 1.8

fng_Ta

tud_Ta

1.24

0.81

C
/E

C/E = 1.56

C/E = 1.42

1.
0E

-0
4

1.
0E

-0
3

1.
0E

-0
2

1.0E+07

C
ro

ss
 s

ec
ti

o
n
 (

b
)

Energy (eV)

TENDL17 total
TENDL17 g

TENDL17 m
Begun2000.L00
Begun2000.L01
Begun2002.L00
Begun2002.L01

Begun2002A001.L00
Begun2002A001.L01

Filatenkov2001.L00
Filatenkov2001.L01

JunhuaLuoo2009.L01
Kasugai1992.L01

LakshmanaDas1981.L01
Majdeddin1997.tot

Meason1966.L00
Meason1966.L01

Mughabghab2006.tot
Mukherjee1963.tot

UKAEA Page 397 of 531



5.64 Tungsten UKAEA-R(18)004
Integro-Differential Validation
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5.64 Tungsten UKAEA-R(18)004
Integro-Differential Validation
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5.64 Tungsten UKAEA-R(18)004
Integro-Differential Validation
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5.64 Tungsten UKAEA-R(18)004
Integro-Differential Validation
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5.64 Tungsten UKAEA-R(18)004
Integro-Differential Validation
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5.64 Tungsten UKAEA-R(18)004
Integro-Differential Validation
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5.64 Tungsten UKAEA-R(18)004
Integro-Differential Validation
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5.64 Tungsten UKAEA-R(18)004
Integro-Differential Validation
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5.64 Tungsten UKAEA-R(18)004
Integro-Differential Validation
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5.64 Tungsten UKAEA-R(18)004
Integro-Differential Validation
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5.64 Tungsten UKAEA-R(18)004
Integro-Differential Validation
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5.64 Tungsten UKAEA-R(18)004
Integro-Differential Validation
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5.64 Tungsten UKAEA-R(18)004
Integro-Differential Validation
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5.64 Tungsten UKAEA-R(18)004
Integro-Differential Validation
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5.64 Tungsten UKAEA-R(18)004
Integro-Differential Validation
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5.64 Tungsten UKAEA-R(18)004
Integro-Differential Validation
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5.64 Tungsten UKAEA-R(18)004
Integro-Differential Validation
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5.65 Rhenium UKAEA-R(18)004
Integro-Differential Validation
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5.65 Rhenium UKAEA-R(18)004
Integro-Differential Validation
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5.65 Rhenium UKAEA-R(18)004
Integro-Differential Validation

185Re (n,3n) 183Re

 0.8

 1

 1.2

 1.4

 1.6

 1.8

 2

fng_Re

1.37

0.73

C
/E

C/E = 1.39

1.
0E

-0
2

1.
0E

-0
1

1.
0E

+
00

1.6E+07 1.8E+07 2.0E+07 2.2E+07 2.4E+07 2.6E+07 2.8E+07 3.0E+07

C
ro

ss
 s

ec
ti

o
n
 (

b
)

Energy (eV)

TENDL17 total
GongpingLii2002.tot

UKAEA Page 417 of 531



5.65 Rhenium UKAEA-R(18)004
Integro-Differential Validation
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5.65 Rhenium UKAEA-R(18)004
Integro-Differential Validation
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5.65 Rhenium UKAEA-R(18)004
Integro-Differential Validation
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5.65 Rhenium UKAEA-R(18)004
Integro-Differential Validation
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5.65 Rhenium UKAEA-R(18)004
Integro-Differential Validation
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5.65 Rhenium UKAEA-R(18)004
Integro-Differential Validation
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Integro-Differential Validation
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5.66 Osmium UKAEA-R(18)004
Integro-Differential Validation
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5.67 Iridium UKAEA-R(18)004
Integro-Differential Validation

193Ir (n,2n) 192mIr
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5.68 Platinum UKAEA-R(18)004
Integro-Differential Validation

198Pt (n,2n) 197mPt
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5.69 Gold UKAEA-R(18)004
Integro-Differential Validation

197Au (n,2n) 196mAu

 0.85

 0.9

 0.95

 1

 1.05

 1.1

 1.15

 1.2

 1.25

 1.3

fn
s_

5min

1.07

0.94

C
/E

C/E = 1.16

1.
0E

-0
3

1.
0E

-0
2

1.
0E

-0
1

1.
0E

+
00

1.
0E

+
01

1.0E+07 1.5E+07 2.0E+07 2.5E+07 3.0E+07

C
ro

ss
 s

ec
ti

o
n
 (

b
)

Energy (eV)

TENDL17 total
TENDL17 g

TENDL17 m
TENDL17 n

Andersson1978.tot
Ashby1958.tot

Barrall1969.L00
Bayhurst1975.tot

Bayhurst1975A001.tot
Bayhurst1975A002.tot

Belgaid1992.L02
Belgaid1992.tot

ChuanxinZhuu2011.L02
ChuanxinZhuu2011.tot

ChuanxinZhuu2011A001.tot
Csikai1982.tot

Daroczy1983.tot
Dilg1968.L02

Dilg1968.tot
Filatenkov1999.L02

Filatenkov1999.tot
Filatenkov2003.L02

Filatenkov2003.tot
Frehaut1980.tot
Garlea1984.tot
Garlea1992.tot

Ghorai1984.L02
Ghorai1984A001.L02

Greenwood1987.tot
Hankla1972.L02

Hankla1972.tot
Harper1982.L02

Herman1984.L00
Herman1984A001.L00

UKAEA Page 428 of 531



5.69 Gold UKAEA-R(18)004
Integro-Differential Validation

197Au (n,2n) 196nAu
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5.69 Gold UKAEA-R(18)004
Integro-Differential Validation

197Au (n,2n) 196Au
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5.69 Gold UKAEA-R(18)004
Integro-Differential Validation

197Au (n,3n) 195Au
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5.69 Gold UKAEA-R(18)004
Integro-Differential Validation

197Au (n,4n) 194Au
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5.69 Gold UKAEA-R(18)004
Integro-Differential Validation

197Au (n,g) 198Au
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5.69 Gold UKAEA-R(18)004
Integro-Differential Validation

197Au (n,t) 195Pt
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5.69 Gold UKAEA-R(18)004
Integro-Differential Validation

197Au (n,h) 195gIr
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5.69 Gold UKAEA-R(18)004
Integro-Differential Validation

197Au (n,h) 195Ir
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5.69 Gold UKAEA-R(18)004
Integro-Differential Validation

197Au (n,a) 194gIr
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5.69 Gold UKAEA-R(18)004
Integro-Differential Validation

197Au (n,a) 194mIr
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5.70 Mercury UKAEA-R(18)004
Integro-Differential Validation

198Hg (n,g) 199Hg

 0.4

 0.6

 0.8

 1

 1.2

cf2
52_flu

x_1

1.23

0.81C
/E

C/E = 0.32

1.
0E

-0
5

1.
0E

-0
4

1.
0E

-0
3

1.
0E

-0
2

1.
0E

-0
1

1.
0E

+
00

1.
0E

+
01

1.
0E

+
02

1.
0E

+
03

1.
0E

+
04

1.0E-02 1.0E-01 1.0E+00 1.0E+01 1.0E+02 1.0E+03 1.0E+04 1.0E+05 1.0E+06 1.0E+07

C
ro

ss
 s

ec
ti

o
n
 (

b
)

Energy (eV)

TENDL17 total
TENDL17 g

TENDL17 m
Bao2000.tot

Beer1985.tot
Mughabghab2006.L01

Mughabghab2006.tot
Sehgal1959.L01

UKAEA Page 439 of 531



5.70 Mercury UKAEA-R(18)004
Integro-Differential Validation

200Hg (n,2n) 199mHg
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5.71 Thallium UKAEA-R(18)004
Integro-Differential Validation

203Tl (n,2n) 202Tl
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5.71 Thallium UKAEA-R(18)004
Integro-Differential Validation

205Tl (n,g) 206Tl
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5.71 Thallium UKAEA-R(18)004
Integro-Differential Validation

205Tl (n,p) 205Hg
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5.71 Thallium UKAEA-R(18)004
Integro-Differential Validation

205Tl (n,t) 203Hg
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5.72 Lead UKAEA-R(18)004
Integro-Differential Validation

204Pb (n,n) 204mPb
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6 Discussion

The experiments considered in this report span several neutron spectra of consider-
ably different physical systems, including a standard spontaneous fission source and
deuteron accelerators producing d-T, d-Be and d-Li reactions. The measurements are
made with a mix of spectroscopic techniques or total heat measurements with the
majority of the data provided as effective cross-sections based on the simulation tools
used at the time of the experiment. Care must be taken when claiming that a reaction
has been ‘validated’, since the detailed structure of a cross-section is not fully probed
(even with multiple experiments using complementary spectra) and a new experiment
using a different spectrum could find discrepant results. Aside from the differences in
experimental design, there is tremendous deviation in the quality of the spectral char-
acterisations, simulation tools used to calculate data (ultimately including the effective
cross section) and reporting of measurement methodologies. Many of the experimental
data are exclusively available within JEFF/EFF-DOCs and have never been published
in peer-reviewed journals. Even for experiments which have found their way to the
peer-reviewed literature, essential details to assess the quality of the measurements are
often missing. For example, the 93Nb(n,a)90gY reported in [89] has no description of
the methodology for identification of that nuclide. The authors of that report have
kindly provided the experimental measurements which have been used to re-analyse
the data, but only the FNS and FNG heat measurements have received this level of
scrutiny in this report.

As the JAEA FNS decay heat measurements have the largest number of high-quality,
comparable data sets, it is illustrative to isolate only these values, as shown in Fig-
ures 10 and 11. While in previous iterations the TENDL values experienced more
fluctuation between releases, the continuity between 2014-2017 is significant. Some
few improvements have been made with detailed re-evaluation of input TALYS pa-
rameters, while some small number of discrepancies persist. Those highlighted in the
figures are the remaining concerns for fusion decay heat analyses – so far as experi-
mental data exist.
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Figure 10: Comparison of all TENDL-2017,-2015,-2014 C/E values for dominant ra-
dionuclide cross sections in FNS decay heat measurements.
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Figure 11: Comparison of all TENDL-2017,-2015,-2014 C/E values for dominant ra-
dionuclide cross sections in FNS decay heat measurements. Values more than one
order of magnitude have been excluded for detail on the remaining values.

The data presented here can however point toward reactions which are less well char-
acterised. Differential data may not be available for some reactions or not available
in the various energy regions which are required. Substantial discrepancy in integral
values may be used to direct the next experimental campaigns and lead to long-term
nuclear data improvement. Whether or not one integral measurement on a relatively
poorly known cross section (for example, many (n,t) or (n,h) reactions) is worthy of
renormalising TALYS outputs is the concern of evaluators. It is the responsibility of
the interested reader to delve into the details of the measurements when considering
any of these reactions and absence from this table should not be considered an implicit
claim that the reaction has been validated.

Whatever limitations exist within the set of experimental data, nuclear simulations
will be carried out using a suitable nuclear data library and comparisons between the
available data sources can provide useful information for analysts. Taking the same set
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of reactions with both TENDL-2017 and the previous EAF-2010 data, the distribution
of C/E values is shown in Figure 12. Note that the x-axis is shown in equal log(C/E)
intervals, which gives a symmetric visualisation of the distribution.

 0
 2

0
 4

0
 6

0
 8

0
 1

0
0

 1
2
0

 1
4
0

 1
6
0

 1
8
0

 2
0
0

<
0
.1

0

0
.1

0
-0

.1
1

0
.1

1
-0

.1
2

0
.1

2
-0

.1
3

0
.1

3
-0

.1
5

0
.1

5
-0

.1
7

0
.1

7
-0

.1
9

0
.1

9
-0

.2
1

0
.2

1
-0

.2
4

0
.2

4
-0

.2
7

0
.2

7
-0

.3
0

0
.3

0
-0

.3
4

0
.3

4
-0

.3
8

0
.3

8
-0

.4
2

0
.4

2
-0

.4
7

0
.4

7
-0

.5
3

0
.5

3
-0

.6
0

0
.6

0
-0

.6
7

0
.6

7
-0

.7
5

0
.7

5
-0

.8
4

0
.8

4
-0

.9
4

0
.9

4
-1

.0
6

1
.0

6
-1

.1
9

1
.1

9
-1

.3
3

1
.3

3
-1

.5
0

1
.5

0
-1

.6
8

1
.6

8
-1

.8
8

1
.8

8
-2

.1
1

2
.1

1
-2

.3
7

2
.3

7
-2

.6
6

2
.6

6
-2

.9
8

2
.9

8
-3

.3
5

3
.3

5
-3

.7
6

3
.7

6
-4

.2
2

4
.2

2
-4

.7
3

4
.7

3
-5

.3
1

5
.3

1
-5

.9
6

5
.9

6
-6

.6
8

6
.6

8
-7

.5
0

7
.5

0
-8

.4
1

8
.4

1
-9

.4
4

9
.4

4
-1

0
.0

0

>
1
0
.0

0

N
u
m

b
e
r 

o
f 

re
a
c
ti

o
n
s

C/E values

TENDL2017

EAF 2010

Figure 12: C/E distribution for TENDL-2017 and EAF-2010 given in equal log(C/E)
spacing.

The distributions show a generally similar, but slightly better agreement for TENDL-
2017. The log-mean C/E value,

Log
(
C/E

)
=

1

n

n∑
i=1

Log (Ci/Ei) , (8)

for TENDL-2017 is 1.046, while the EAF-2010 data yields a surprising 0.850. This
can be intuitively seen in the skewed EAF distribution of C/E values, indicating a
systematic under-prediction for the integral values of this report. The fact that TENDL
provides a more symmetric distribution should not be surprising; the data is derived
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from physical parameters which globally govern the production of reaction information.
In comparison, the asymmetry of EAF belies its methodology, where pathways are
included depending on an evaluator’s judgement. As a result, pathways are missing or
under-represented and result in an overall under-prediction for nuclide production.

Two reactions which has been reportedly measured for the production of isomers are
not included in the TENDL-2017 library: 181Ta(n,t)179nHf and 197Au(n,a)194mIr. The
original reports for these measurements have been checked, which describe measure-
ments of the specific gamma lines which correspond with levels in the RIPL database
[90]. Both reactions additionally has differential EXFOR entries which support the
integral measurement and the inelastic certainly produces this isomer, which should
be present in the library. The tantalum case was previously reported [12], while the
gold reaction channel is due to a error in the MF=9 of the 197Au file, which is missing
the second entry for the isomer.

Of the remaining seven reactions with C/E less than 0.10, six come from the more
dubious d-Be (n,t) or 252Cf (n,g) reactions. The last comes from the 100Mo(n,a) from
the FZK d-Li experiment, where TENDL shows reasonable agreement with all of the
modern differential data. Of the two cases with C/E greater than 10, one is the
182W(n,a)179nHf, where the recent differential experiments support the integral mea-
surement and suggest an over-estimation from TENDL.

Note the TALYS format errors in MF=9 production that were documented in a previous
report [12] have been corrected. The mis-allocation of branching ratios for 92Mo(n,p)
and 115In(n,g) were isolated errors, but in particular for the 115In case the correction
significantly improves agreement with experiment.

It should be noted that the EAF library was constructed and modified with knowledge
of these integral measurements, which were used as justification for renormalisations
leading to better agreement with the experiments. That TENDL-2017 blindly predicts
these effective cross-sections, using physical parameters, with greater accuracy than a
library tuned by renormalisations is quite remarkable.

When the standard international libraries are used to calculate the effective cross-
sections considered the distribution shows a tremendous lack of data, as depicted in
Figure 13. The most notable difference here is that approximately one third of the
C/E values are less than 0.1, with a large majority of these being precisely zero due
to missing reactions. This is not unexpected, since these libraries do not contain the
data required for activation-transmutation simulations and should not be relied upon
or trusted for such analysis. However, it is troublesome since it is often claimed that
those libraries are validated for various applications that require these (and many
other) reactions.
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[83] P. Bém, V. Burjan, M. Götz, M. Honusek, U. Fischer, V. Kroha, J. Novák, and
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[86] S. Simakov, U. Fischer, P. Bém, V. Burjan, M. Götz, M. Honusek, V. Kroha,
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A Pathway analysis

This section contains a summary of all pathway analysis performed using FISPACT-II
and the TENDL-2017 nuclear data library. Brief experimental descriptions and refer-
ences to the original data sources are provided in section 3. The neutron spectra used
in the calculations are displayed in each table caption and all paths which contribute
at least 1% of the total pathway for the target nuclide are shown. Note that this anal-
ysis is required to accurately determine what fraction of the experimental observation
(heat or activity) can be attributed to a specific reaction.

In comparison with the previous EASY/EAF integral data validation reports [8, 9,
10, 11], there are in many cases several reaction pathways available in TENDL which
were not included in EAF. This has allowed corrections for measurements such as
the Fe59 of FZK copper foil irradiation. The EAF validation report included a C/E
of 0.006 for a 99% Co59(n,p) attributed to known Co impurities. TENDL includes
the dominant Cu63(n,pa) pathway at 97.88%. Other additions include (n,O) reactions
which represent reactions above 30 MeV. Note that these specifically do not declare the
pathways responsible and the emitted particles, but only list the parent and residual
nuclides. A large number of pathways become available at these energies and identi-
fying the breakdown becomes a rather dubious process. Instead, when it is determine
that (n,O) reactions are responsible for production of a target nuclide the report re-
frains from selecting an apportionment of sub-paths and leaves the reaction out of the
validation. The (n,O) data can be found in MF=3 MT=5 as a lumped total, while the
yields are found in MF=10 broken down by ejected particle.

A.1 Technische Universität Dresden data
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Table 4: TUD (SNEG-13) pathways for V3Ti1Si (short irra-
diation) using spectrum sneg 1

Product Pathway(s) %

Al28 Si28(n,p)Al28 99.5

Ti51 V51(n,p)Ti51 99.1

V52 V51(n,g)V52 99.3

Table 5: TUD (SNEG-13) pathways for V4Ti4Cr (short ir-
radiation) using spectrum sneg 1

Product Pathway(s) %

Ti45 Ti46(n,2n)Ti45 100.0

V52 V51(n,g)V52 35.3
Cr52(n,p)V52 62.2
Cr53(n,np)V52 1.5

Table 6: TUD (SNEG-13) pathways for V5Ti2Cr (short ir-
radiation) using spectrum sneg 1

Product Pathway(s) %

V52 V51(n,g)V52 50.7
Cr52(n,p)V52 47.9

Sc46 Ti46(n,p)Sc46 57.4
Ti46(n,p)Sc46m(IT)Sc46 19.6
Ti47(n,np)Sc46 18.1
Ti47(n,d)Sc46 1.5
Ti47(n,np)Sc46m(IT)Sc46 2.9

Sc47 Ti47(n,p)Sc47 37.1
Ti48(n,np)Sc47 35.4
Ti48(n,d)Sc47 13.9
V50(n,a)Sc47 8.9
V51(n,na)Sc47 4.7

Sc48 Ti48(n,p)Sc48 12.6
V51(n,a)Sc48 87.4
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Table 7: TUD (SNEG-13) pathways for V5Ti2Cr (long irra-
diation) using spectrum sneg 1

Product Pathway(s) %

V52 V51(n,g)V52 50.7
Cr52(n,p)V52 47.9

Sc46 Ti46(n,p)Sc46 57.2
Ti46(n,p)Sc46m(IT)Sc46 19.9
Ti47(n,np)Sc46 18.0
Ti47(n,d)Sc46 1.5
Ti47(n,np)Sc46m(IT)Sc46 3.0

Sc47 Ti47(n,p)Sc47 37.2
Ti48(n,np)Sc47 35.4
Ti48(n,d)Sc47 13.9
V50(n,a)Sc47 8.9
V51(n,na)Sc47 4.7

Sc48 Ti48(n,p)Sc48 12.6
V51(n,a)Sc48 87.9

Table 8: TUD (SNEG-13) pathways for V5Ti2Cr (long irra-
diation) using spectrum sneg 2

Product Pathway(s) %

V52 V51(n,g)V52 48.1
Cr52(n,p)V52 51.3

Sc46 Ti46(n,p)Sc46 62.5
Ti46(n,p)Sc46m(IT)Sc46 22.3
Ti47(n,np)Sc46 12.2
Ti47(n,np)Sc46m(IT)Sc46 1.6

Sc47 Ti47(n,p)Sc47 56.9
Ti48(n,np)Sc47 18.0
Ti48(n,d)Sc47 12.9
V50(n,a)Sc47 12.1

Sc48 Ti48(n,p)Sc48 13.9
V51(n,a)Sc48 86.7
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Table 9: TUD (SNEG-13) pathways for Li4SiO4 using spec-
trum sneg 1

Product Pathway(s) %

Mg27 Al27(n,p)Mg27 2.6
Si30(n,a)Mg27 96.4

Al28 Si28(n,p)Al28 99.4

Al29 Si29(n,p)Al29 97.7

Table 10: TUD (SNEG-13) pathways for SiC using spectrum
sneg 1

Product Pathway(s) %

Mg27 Al27(n,p)Mg27 6.6
Si30(n,a)Mg27 92.7

Al28 Si28(n,p)Al28 99.4

Al29 Si29(n,p)Al29 97.9

Table 11: TUD (SNEG-13) pathways for Eurofer97 (short
irradiation) using spectrum sneg 1

Product Pathway(s) %

Mn56 Fe56(n,p)Mn56 99.4

Cr51 Cr52(n,2n)Cr51 87.9
Fe54(n,a)Cr51 12.0

Mn54 Mn55(n,2n)Mn54 21.8
Fe54(n,p)Mn54 78.2

Sc48 Ti48(n,p)Sc48 5.1
V51(n,a)Sc48 94.9

Na24 Al27(n,a)Na24 100.0

Al28 Si28(n,p)Al28 99.2

Ti51 V51(n,p)Ti51 67.3
Cr54(n,a)Ti51 32.6

V52 Cr52(n,p)V52 95.1
Cr53(n,np)V52 2.3
Mn55(n,a)V52 1.9

V53 Cr53(n,p)V53 98.6

Mn57 Fe57(n,p)Mn57 98.7

Fe53 Fe54(n,2n)Fe53 100.0
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Table 12: TUD (SNEG-13) pathways for Eurofer97 using
spectrum sneg 1

Product Pathway(s) %

Mn56 Fe56(n,p)Mn56 98.8

Cr51 Cr52(n,2n)Cr51 88.0
Fe54(n,a)Cr51 12.0

Mn54 Mn55(n,2n)Mn54 21.8
Fe54(n,p)Mn54 78.2

Sc48 Ti48(n,p)Sc48 5.1
V51(n,a)Sc48 95.0

Na24 Al27(n,a)Na24 100.0

Al28 Si28(n,p)Al28 99.6

Ti51 V51(n,p)Ti51 67.3
Cr54(n,a)Ti51 32.7

V52 Cr52(n,p)V52 95.3
Cr53(n,np)V52 2.3
Mn55(n,a)V52 1.9

V53 Cr53(n,p)V53 99.2

Mn57 Fe57(n,p)Mn57 99.4

Fe53 Fe54(n,2n)Fe53 100.0

Table 13: TUD (SNEG-13) pathways for Eurofer97 using
spectrum sneg 2

Product Pathway(s) %

Mn56 Fe56(n,p)Mn56 99.0

Cr51 Cr52(n,2n)Cr51 85.4
Fe54(n,a)Cr51 14.6

Mn54 Mn55(n,2n)Mn54 18.7
Fe54(n,p)Mn54 81.3

Sc48 Ti48(n,p)Sc48 5.7
V51(n,a)Sc48 94.5

Na24 Al27(n,a)Na24 100.0

Al28 Si28(n,p)Al28 99.8

Ti51 V51(n,p)Ti51 69.3
Cr54(n,a)Ti51 30.7

V52 Cr52(n,p)V52 97.0
Mn55(n,a)V52 1.8

V53 Cr53(n,p)V53 99.8
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Product Pathway(s) %

Mn57 Fe57(n,p)Mn57 99.8

Fe53 Fe54(n,2n)Fe53 100.0

Table 14: TUD (SNEG-13) pathways for SS316 using spec-
trum sneg 1

Product Pathway(s) %

Fe59 Co59(n,p)Fe59 26.2
Ni62(n,a)Fe59 72.5

Co57 Ni58(n,np)Co57 96.0
Ni58(n,d)Co57 2.8

Co58 Ni58(n,p)Co58 59.2
Ni58(n,p)Co58m(IT)Co58 37.9

Co60 Ni60(n,p)Co60m(IT)Co60 55.4
Ni60(n,p)Co60 42.7

Ni57 Ni58(n,2n)Ni57 100.0

Zr89 Mo92(n,a)Zr89 75.0
Mo92(n,a)Zr89m(IT)Zr89 25.2

Nb95 Mo95(n,p)Nb95 77.3
Mo96(n,np)Nb95 8.8
Mo96(n,d)Nb95 11.6

Nb96 Mo96(n,p)Nb96 91.9
Mo97(n,np)Nb96 3.8
Mo97(n,d)Nb96 4.6

Mo99 Mo100(n,2n)Mo99 100.0

Table 15: TUD (SNEG-13) pathways for F82H using spec-
trum sneg 1

Product Pathway(s) %

Na24 Al27(n,a)Na24 99.9

Sc48 V51(n,a)Sc48 98.7

Cr51 Cr52(n,2n)Cr51 85.8
Fe54(n,a)Cr51 14.2

Mn54 Mn55(n,2n)Mn54 8.0
Fe54(n,p)Mn54 92.0

Mn56 Fe56(n,p)Mn56 99.5

Ta182 W182(n,p)Ta182 48.6
W182(n,p)Ta182m(IT)Ta182 41.3

UKAEA Page 475 of 531



A.1 Technische Universität Dresden data UKAEA-R(18)004
Integro-Differential Validation

Product Pathway(s) %

W182(n,p)Ta182n(IT)Ta182m(IT)Ta182 4.3
W183(n,d)Ta182 1.8

Ta183 W183(n,p)Ta183 78.8
W184(n,np)Ta183 2.6
W184(n,d)Ta183 6.4
W186(n,a)Hf183(b-)Ta183 12.2

W187 W186(n,g)W187 100.0

Table 16: TUD pathways for yttrium using spectrum tud Y

Product Pathway(s) %

Y88 Y89(n,2n)Y88 100.0

Y90m Y89(n,g)Y90m 100.0

Table 17: TUD pathways for CuCrZr using spectrum
tud CuCrZr

Product Pathway(s) %

Cr51 Cr52(n,2n)Cr51 100.0

Co60 Cu63(n,a)Co60m(IT)Co60 52.0
Cu63(n,a)Co60 48.0

Co61 Cu65(n,na)Co61 100.0

Co62m Cu65(n,a)Co62m 99.7

Ni65 Cu65(n,p)Ni65 100.0

Cu62 Cu63(n,2n)Cu62 99.2

Cu64 Cu65(n,2n)Cu64 99.7

Zr89 Zr90(n,2n)Zr89 83.2
Zr90(n,2n)Zr89m(IT)Zr89 16.9

Table 18: TUD pathways for lead using spectrum tud Pb

Product Pathway(s) %

Hg203 Pb206(n,a)Hg203 96.3
Pb207(n,na)Hg203 3.7

Pb203 Pb204(n,2n)Pb203m(IT)Pb203 51.8
Pb204(n,2n)Pb203 46.9
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Product Pathway(s) %

Pb204m Pb204(n,n)Pb204m 100.0

Tl208 Pb208(n,p)Tl208 96.9

Table 19: TUD pathways for erbium using spectrum tud Er

Product Pathway(s) %

Er161 Er162(n,2n)Er161 100.0

Ho167 Er167(n,p)Ho167 81.7
Er168(n,np)Ho167 1.6
Er168(n,d)Ho167 4.2
Er170(n,a)Dy167(b-)Ho167 12.9

Ho168 Er168(n,p)Ho168 46.5
Er168(n,p)Ho168m(IT)Ho168 43.6

Ho170 Er170(n,p)Ho170 96.0

Er163 Er164(n,2n)Er163 99.9

Ho169 Er170(n,np)Ho169 10.7
Er170(n,d)Ho169 80.2

Ho166 Er166(n,p)Ho166 97.0
Er167(n,d)Ho166 2.2

Table 20: TUD pathways for tantalum using spectrum
tud Ta

Product Pathway(s) %

Lu178m Ta181(n,a)Lu178m 99.1

Hf180m Ta181(n,np)Hf180m 37.0
Ta181(n,d)Hf180m 62.3

Hf181 Ta181(n,p)Hf181 100.0

Ta180 Ta181(n,2n)Ta180 100.0

Ta182 Ta181(n,g)Ta182 61.9
Ta181(n,g)Ta182m(IT)Ta182 37.7

Ta182n Ta181(n,g)Ta182n 97.4
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A.2 Forschungzentrum Karlsruhe data

Table 21: FZK pathways for V3Ti1Si using spectrum fzk 1

Product Pathway(s) %

Sc46 Ti46(n,p)Sc46 62.4
Ti46(n,p)Sc46m(IT)Sc46 28.9
Ti47(n,np)Sc46 6.3

Sc47 Ti47(n,p)Sc47 26.2
Ti48(n,np)Sc47 17.0
Ti48(n,d)Sc47 3.6
V50(n,a)Sc47 3.8
V51(n,na)Sc47 49.3

Cr51 Cr52(n,2n)Cr51 46.9
Fe54(n,a)Cr51 52.9

Mn54 Fe54(n,p)Mn54 98.8

Co57 Ni58(n,np)Co57 95.1
Ni58(n,d)Co57 2.9
Ni58(n,2n)Ni57(b+)Co57 1.9

Co58 Ni58(n,p)Co58 66.0
Ni58(n,p)Co58m(IT)Co58 34.1

Co60 Ni60(n,p)Co60m(IT)Co60 63.3
Ni60(n,p)Co60 35.9

Zr95 Zr94(n,g)Zr95 5.2
Zr96(n,2n)Zr95 94.1

Nb92m Nb93(n,2n)Nb92m 78.1
Mo92(n,p)Nb92m 21.9

Nb95 Zr96(n,2n)Zr95(b-)Nb95 25.7
Mo95(n,p)Nb95 52.7
Mo95(n,p)Nb95m(IT)Nb95 2.4
Mo96(n,np)Nb95 9.0
Mo96(n,d)Nb95 7.6

Table 22: FZK pathways for V5Ti2Cr using spectrum fzk 2

Product Pathway(s) %

Sc46 Ti46(n,p)Sc46 62.5
Ti46(n,p)Sc46m(IT)Sc46 28.9
Ti47(n,np)Sc46 6.4

Cr51 Cr52(n,2n)Cr51 99.6

Mn54 Mn55(n,2n)Mn54 4.2
Fe54(n,p)Mn54 95.6
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Product Pathway(s) %

Co57 Ni58(n,np)Co57 95.1
Ni58(n,d)Co57 2.9
Ni58(n,2n)Ni57(b+)Co57 2.0

Co58 Ni58(n,p)Co58 66.0
Ni58(n,p)Co58m(IT)Co58 34.1

Co60 Ni60(n,p)Co60m(IT)Co60 63.3
Ni60(n,p)Co60 35.9

Table 23: FZK pathways for Eurofer-97 using spectrum fzk 2

Product Pathway(s) %

Sc46 Ti46(n,p)Sc46 61.4
Ti46(n,p)Sc46m(IT)Sc46 28.4
Ti47(n,np)Sc46 6.3

Sc47 Ti47(n,p)Sc47 19.1
Ti48(n,np)Sc47 12.5
Ti48(n,d)Sc47 2.6
V50(n,a)Sc47 4.6
V51(n,na)Sc47 61.1

V48 Cr50(n,t)V48 100.0

Cr51 Cr52(n,2n)Cr51 76.7
Fe54(n,a)Cr51 23.0

Mn52 Fe54(n,t)Mn52 97.7
Fe54(n,t)Mn52m(IT)Mn52 2.3

Mn54 Mn55(n,2n)Mn54 3.4
Fe54(n,p)Mn54 96.5

Fe59 Fe58(n,g)Fe59 74.5
Co59(n,p)Fe59 24.8

Co57 Ni58(n,np)Co57 95.6
Ni58(n,d)Co57 3.0

Co58 Co59(n,2n)Co58m(IT)Co58 5.9
Co59(n,2n)Co58 5.0
Ni58(n,p)Co58 61.2
Ni58(n,p)Co58m(IT)Co58 28.0

Co60 Co59(n,g)Co60m(IT)Co60 5.1
Co59(n,g)Co60 4.2
Ni60(n,p)Co60m(IT)Co60 49.6
Ni60(n,p)Co60 28.2
Cu63(n,a)Co60m(IT)Co60 7.3
Cu63(n,a)Co60 5.0

Nb92m Nb93(n,2n)Nb92m 95.0
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Product Pathway(s) %

Mo92(n,p)Nb92m 5.0

Hf181 Ta181(n,p)Hf181 61.3
W184(n,a)Hf181 38.7

Ta182 Ta181(n,g)Ta182 57.9
Ta181(n,g)Ta182m(IT)Ta182 36.6
W182(n,p)Ta182 2.0
W182(n,p)Ta182m(IT)Ta182 1.8

Ta183 W183(n,p)Ta183 62.9
W184(n,np)Ta183 10.5
W184(n,d)Ta183 13.7
W186(n,a)Hf183(b-)Ta183 12.8

W181 W182(n,2n)W181 96.0
W183(n,3n)W181 3.9

W185 W184(n,g)W185 4.8
W186(n,2n)W185 59.4
W186(n,2n)W185m(IT)W185 35.5

Table 24: FZK pathways for nickel using spectrum fzk 2 (1
of 2)

Product Pathway(s) %

Fe59 Ni60(n,2p)Fe59 3.6
Ni62(n,a)Fe59 96.4

Co56 Ni58(n,t)Co56 100.0

Co57 Ni58(n,np)Co57 96.9
Ni58(n,d)Co57 3.0

Co58 Ni58(n,p)Co58 95.4
Ni58(n,p)Co58m(IT)Co58 4.6

Co60 Ni60(n,p)Co60m(IT)Co60 60.4
Ni60(n,p)Co60 38.9

Co61 Ni61(n,p)Co61 67.5
Ni62(n,np)Co61 24.4
Ni62(n,d)Co61 5.9
Ni64(n,a)Fe61(b-)Co61 1.9

Ni57 Ni58(n,2n)Ni57 100.0

Ni65 Ni64(n,g)Ni65 99.9
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Table 25: FZK pathways for copper using spectrum fzk 2 (1
of 2)

Product Pathway(s) %

Fe59 Cu63(n,pa)Fe59 99.5

Co58m Co59(n,2n)Co58m 40.0
Ni58(n,p)Co58m 60.0

Co60 Cu63(n,a)Co60m(IT)Co60 56.0
Cu63(n,a)Co60 44.0

Co61 Cu65(n,na)Co61 99.1

Ni65 Cu65(n,p)Ni65 99.9

Cu64 Cu63(n,g)Cu64 7.7
Cu65(n,2n)Cu64 92.3

Table 26: FZK pathways for tungsten using spectrum fzk 2
(1 of 2)

Product Pathway(s) %

Hf180m Hf180(n,n)Hf180m 1.5
W183(n,a)Hf180m 72.3
W184(n,na)Hf180m 26.1

Hf182m W186(n,na)Hf182m 99.6

Hf183 W186(n,a)Hf183 99.6

Ta182m W182(n,p)Ta182m 72.9
W182(n,p)Ta182n(IT)Ta182m 10.5
W183(n,np)Ta182m 6.8
W183(n,d)Ta182m 5.5
W184(n,t)Ta182m 2.3

Ta184 W184(n,p)Ta184 96.5
W186(n,t)Ta184 3.5

Ta185 W186(n,np)Ta185 40.3
W186(n,d)Ta185 59.2

Ta186 W186(n,p)Ta186 99.8

W179m W180(n,2n)W179m 100.0

W187 W186(n,g)W187 100.0
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Table 27: FZK pathways for tungsten using spectrum fzk 2
(2 of 2)

Product Pathway(s) %

Hf179n W182(n,a)Hf179n 94.8
W183(n,na)Hf179n 4.7

Hf181 W184(n,a)Hf181 100.0

Ta178 W180(n,3n)W178(b+)Ta178 97.7
W180(n,t)Ta178 2.3

Ta182 W182(n,p)Ta182 41.4
W182(n,p)Ta182m(IT)Ta182 36.6
W182(n,p)Ta182n(IT)Ta182m(IT)Ta182 5.2
W183(n,np)Ta182 3.6
W183(n,d)Ta182 3.3
W183(n,np)Ta182m(IT)Ta182 3.4
W183(n,d)Ta182m(IT)Ta182 2.7

Ta183 W183(n,p)Ta183 62.9
W184(n,np)Ta183 10.5
W184(n,d)Ta183 13.7
W186(n,a)Hf183(b-)Ta183 12.8

W181 W182(n,2n)W181 96.0
W183(n,3n)W181 3.9

W185 W184(n,g)W185 4.8
W186(n,2n)W185 59.4
W186(n,2n)W185m(IT)W185 35.5

Table 28: FZK pathways for Li4SO4 using spectrum fzk 1

Product Pathway(s) %

Mg27 Al27(n,p)Mg27 31.0
Si30(n,a)Mg27 68.1

Mg28 Si29(n,2p)Mg28 99.5

Al28 Si28(n,p)Al28 99.7

Al29 Si29(n,p)Al29 97.6
Si30(n,np)Al29 1.7

Na22 Na23(n,2n)Na22 99.9

Na24 Mg24(n,p)Na24 3.6
Al27(n,a)Na24 95.7

Ca47 Ca48(n,2n)Ca47 58.5
Ti50(n,a)Ca47 41.2

Sc46 Ti46(n,p)Sc46 62.7
Ti46(n,p)Sc46m(IT)Sc46 29.0
Ti47(n,np)Sc46 6.4
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Product Pathway(s) %

Sc47 Ti47(n,p)Sc47 55.8
Ti48(n,np)Sc47 36.2
Ti48(n,d)Sc47 7.6

Sc48 Ti48(n,p)Sc48 98.9

Cr51 Cr52(n,2n)Cr51 57.1
Fe54(n,a)Cr51 42.7

Mn54 Mn55(n,2n)Mn54 11.4
Fe54(n,p)Mn54 88.4

Zr89 Zr90(n,2n)Zr89 82.1
Zr90(n,2n)Zr89m(IT)Zr89 17.9

Table 29: FZK pathways for SS-316 using spectrum fzk ss316

Product Pathway(s) %

Sc48 Ti48(n,p)Sc48 52.2
Ti49(n,np)Sc48 2.5
Cr52(n,pa)Sc48 19.6
Cr52(n,O)Sc48 20.8

V48 Cr50(n,nd)V48 6.0
Cr50(n,2np)V48 21.8
Cr50(n,t)V48 5.3
Cr50(n,O)V48 63.3
Cr52(n,O)V48 2.3

Cr48 Cr50(n,3n)Cr48 20.3
Cr50(n,O)Cr48 77.3
Fe54(n,O)Cr48 2.1

Cr49 Cr50(n,2n)Cr49 84.9
Cr50(n,O)Cr49 8.4
Cr52(n,O)Cr49 3.5
Fe54(n,O)Cr49 2.7

Cr51 Cr52(n,2n)Cr51 89.3
Cr52(n,O)Cr51 3.5
Fe54(n,a)Cr51 4.2

Mn52 Mn55(n,O)Mn52 2.8
Fe54(n,O)Mn52 60.5
Fe54(n,nd)Mn52 4.6
Fe54(n,2np)Mn52 22.3
Fe54(n,t)Mn52 6.1
Fe56(n,O)Mn52 1.8

Mn54 Mn55(n,2n)Mn54 22.2
Fe54(n,p)Mn54 39.8
Fe56(n,nd)Mn54 2.3
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Product Pathway(s) %

Fe56(n,2np)Mn54 9.5
Fe56(n,t)Mn54 2.1
Fe56(n,O)Mn54 20.9
Ni58(n,pa)Mn54 1.9

Mn56 Fe56(n,p)Mn56 94.9
Fe56(n,O)Mn56 2.7
Fe57(n,np)Mn56 1.7

Fe52 Fe54(n,O)Fe52 78.3
Fe54(n,3n)Fe52 20.4

Fe59 Fe58(n,g)Fe59 3.0
Co59(n,p)Fe59 8.4
Ni60(n,2p)Fe59 39.6
Ni60(n,O)Fe59 5.7
Ni62(n,a)Fe59 38.5

Co55 Ni58(n,nt)Co55 3.8
Ni58(n,O)Co55 96.2

Co56 Ni58(n,nd)Co56 6.1
Ni58(n,2np)Co56 37.9
Ni58(n,t)Co56 3.0
Ni58(n,O)Co56 52.9

Co57 Ni58(n,np)Co57 91.7
Ni58(n,d)Co57 4.3
Ni58(n,O)Co57 3.7

Co58 Ni58(n,p)Co58 92.4
Ni58(n,p)Co58m(IT)Co58 4.9

Co60 Ni60(n,p)Co60m(IT)Co60 52.6
Ni60(n,p)Co60 38.9
Ni61(n,np)Co60 2.3
Ni61(n,np)Co60m(IT)Co60 1.6

Co61 Ni61(n,p)Co61 19.8
Ni62(n,np)Co61 54.2
Ni62(n,d)Co61 11.7
Ni62(n,O)Co61 10.4

Ni56 Ni58(n,3n)Ni56 35.4
Ni58(n,O)Ni56 64.6

Ni57 Ni58(n,2n)Ni57 93.1
Ni58(n,O)Ni57 6.9

Y87m Mo92(n,O)Y87m 47.3
Mo92(n,npa)Y87m 2.2
Mo92(n,O)Zr87(b+)Y87m 47.6
Mo92(n,O)Zr87m(IT)Zr87(b+)Y87m 1.7

Y87 Mo92(n,O)Y87 74.2
Mo92(n,npa)Y87 5.7
Mo92(n,O)Y87m(IT)Y87 10.6
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Product Pathway(s) %

Mo92(n,O)Zr87(b+)Y87m(IT)Y87 7.5

Y88 Nb93(n,O)Y88 1.7
Mo92(n,pa)Y88 78.3
Mo92(n,O)Y88 16.4

Zr86 Mo92(n,O)Zr86 100.0

Zr88 Mo92(n,na)Zr88 84.9
Mo92(n,O)Zr88 14.8

Zr89 Mo92(n,O)Zr89 6.9
Mo92(n,a)Zr89 67.8
Mo92(n,a)Zr89m(IT)Zr89 18.0
Mo92(n,O)Nb89(b+)Zr89 2.2
Mo94(n,O)Zr89 2.0

Zr97 Mo100(n,a)Zr97 95.8
Mo100(n,O)Zr97 4.1

Nb90 Mo92(n,O)Nb90 39.4
Mo92(n,nd)Nb90 2.4
Mo92(n,2np)Nb90 28.5
Mo92(n,t)Nb90 3.0
Mo92(n,O)Nb90m(IT)Nb90 13.0
Mo92(n,2np)Nb90m(IT)Nb90 8.2
Mo92(n,t)Nb90m(IT)Nb90 1.7
Mo92(n,O)Mo90(b+)Nb90 1.9

Nb92m Nb93(n,2n)Nb92m 4.2
Mo92(n,p)Nb92m 83.0
Mo94(n,O)Nb92m 3.6
Mo94(n,2np)Nb92m 3.3
Mo95(n,O)Nb92m 3.1

Nb95 Mo95(n,O)Nb95 1.8
Mo95(n,p)Nb95 31.4
Mo96(n,O)Nb95 8.4
Mo96(n,np)Nb95 30.0
Mo96(n,d)Nb95 15.3
Mo97(n,O)Nb95 3.7
Mo97(n,2np)Nb95 1.7
Mo97(n,t)Nb95 1.5
Mo98(n,O)Nb95 4.4

Nb95m Mo95(n,O)Nb95m 2.0
Mo95(n,p)Nb95m 47.0
Mo96(n,O)Nb95m 5.7
Mo96(n,np)Nb95m 21.3
Mo96(n,d)Nb95m 17.0
Mo97(n,O)Nb95m 2.2
Mo98(n,O)Nb95m 1.6

Mo90 Mo92(n,3n)Mo90 29.0
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Product Pathway(s) %

Mo92(n,O)Mo90 71.0

Mo93m Mo94(n,O)Mo93m 2.6
Mo94(n,2n)Mo93m 33.1
Mo95(n,O)Mo93m 14.2
Mo95(n,3n)Mo93m 41.2
Mo96(n,O)Mo93m 7.8

Mo99 Mo98(n,g)Mo99 4.2
Mo100(n,2n)Mo99 92.6
Mo100(n,O)Mo99 1.6

Tc99m Mo98(n,g)Mo99(b-)Tc99m 4.2
Mo100(n,2n)Mo99(b-)Tc99m 92.8
Mo100(n,O)Mo99(b-)Tc99m 1.6

Table 30: FZK pathways for F82H using spectrum fzk ss316

Product Pathway(s) %

Sc46 Ti46(n,p)Sc46 8.4
Ti46(n,p)Sc46m(IT)Sc46 3.5
Ti47(n,np)Sc46 4.2
Ti48(n,O)Sc46 3.3
V51(n,O)Sc46 22.4
V51(n,O)Sc46m(IT)Sc46 3.7
Cr50(n,O)Sc46 9.7
Cr50(n,pa)Sc46 16.9

Sc47 Ti47(n,p)Sc47 1.7
Ti48(n,np)Sc47 9.8
Ti48(n,d)Sc47 1.7
V51(n,na)Sc47 40.7
V51(n,O)Sc47 7.7
Cr52(n,O)Sc47 35.7

Sc48 Ti48(n,p)Sc48 8.1
V51(n,a)Sc48 46.2
V51(n,O)Sc48 1.8
Cr52(n,pa)Sc48 20.1
Cr52(n,O)Sc48 21.3

V48 V51(n,O)V48 2.7
Cr50(n,nd)V48 5.7
Cr50(n,2np)V48 20.7
Cr50(n,t)V48 5.0
Cr50(n,O)V48 59.9
Cr52(n,O)V48 2.1
Fe54(n,O)V48 3.7
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Product Pathway(s) %

Cr48 Cr50(n,3n)Cr48 19.5
Cr50(n,O)Cr48 74.0
Fe54(n,O)Cr48 6.2

Cr49 Cr50(n,2n)Cr49 80.2
Cr50(n,O)Cr49 7.9
Cr52(n,O)Cr49 3.3
Fe54(n,O)Cr49 8.0

Cr51 Cr52(n,2n)Cr51 79.8
Cr52(n,O)Cr51 3.1
Fe54(n,a)Cr51 11.9
Fe56(n,O)Cr51 3.1

Mn52 Fe54(n,O)Mn52 63.0
Fe54(n,nd)Mn52 4.8
Fe54(n,2np)Mn52 23.2
Fe54(n,t)Mn52 6.4
Fe56(n,O)Mn52 1.8

Mn54 Mn55(n,2n)Mn54 1.9
Fe54(n,p)Mn54 52.1
Fe56(n,nd)Mn54 3.0
Fe56(n,2np)Mn54 12.5
Fe56(n,t)Mn54 2.8
Fe56(n,O)Mn54 27.3

Mn56 Fe56(n,p)Mn56 95.1
Fe56(n,O)Mn56 2.7
Fe57(n,np)Mn56 1.7

Fe52 Fe54(n,O)Fe52 79.3
Fe54(n,3n)Fe52 20.7

Co56 Ni58(n,nd)Co56 6.0
Ni58(n,2np)Co56 37.4
Ni58(n,t)Co56 3.0
Ni58(n,O)Co56 52.1

Co57 Co59(n,3n)Co57 2.1
Ni58(n,np)Co57 88.7
Ni58(n,d)Co57 4.1
Ni58(n,O)Co57 3.5

Co58 Co59(n,2n)Co58 17.3
Co59(n,2n)Co58m(IT)Co58 2.2
Ni58(n,p)Co58 73.7
Ni58(n,p)Co58m(IT)Co58 3.9

Co60 Co59(n,g)Co60m(IT)Co60 2.5
Co59(n,g)Co60 2.3
Ni60(n,p)Co60m(IT)Co60 37.0
Ni60(n,p)Co60 27.3
Ni61(n,np)Co60 1.6
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Product Pathway(s) %

Cu63(n,a)Co60m(IT)Co60 12.1
Cu63(n,a)Co60 10.8

Ni57 Ni58(n,2n)Ni57 93.1
Ni58(n,O)Ni57 6.9

Ta183 W183(n,p)Ta183 23.5
W183(n,O)Ta183 2.6
W184(n,np)Ta183 29.3
W184(n,d)Ta183 14.4
W184(n,O)Ta183 18.3
W186(n,O)Ta183 5.9
W186(n,a)Hf183(b-)Ta183 4.2

Ta184 W184(n,p)Ta184 53.3
W184(n,O)Ta184 7.3
W186(n,nd)Ta184 3.3
W186(n,2np)Ta184 4.6
W186(n,t)Ta184 7.6
W186(n,O)Ta184 23.8

W187 W186(n,g)W187 100.0

Table 31: FZK pathways for vanadium using spectrum
fzk ss316

Product Pathway(s) %

Ca47 V51(n,pa)Ca47 55.2
V51(n,O)Ca47 44.8

Sc46 V51(n,O)Sc46 81.6
V51(n,2na)Sc46 3.0
V51(n,O)Sc46m(IT)Sc46 13.3

Sc47 V51(n,na)Sc47 83.7
V51(n,O)Sc47 15.9

Sc48 V51(n,a)Sc48 96.3
V51(n,O)Sc48 3.7

V48 V50(n,3n)V48 2.9
V50(n,O)V48 2.3
V51(n,O)V48 94.8

Nb92m Nb93(n,O)Nb92m 2.2
Nb93(n,2n)Nb92m 92.5
Mo92(n,p)Nb92m 4.6
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Table 32: FZK pathways for vanadium alloy using spectrum
fzk ss316

Product Pathway(s) %

Ca47 Ti48(n,2p)Ca47 11.9
Ti48(n,O)Ca47 24.8
Ti50(n,a)Ca47 24.6
V51(n,pa)Ca47 20.0
V51(n,O)Ca47 16.2

Sc43 Ti46(n,nt)Sc43 5.2
Ti46(n,O)Sc43 92.8
Ti47(n,O)Sc43 1.8

Sc44 Ti46(n,O)Sc44 53.3
Ti46(n,nd)Sc44 4.2
Ti46(n,2np)Sc44 10.0
Ti46(n,t)Sc44 21.9
Ti47(n,O)Sc44 5.9
V51(n,O)Sc44 1.9

Sc44m Ti46(n,O)Sc44m 57.0
Ti46(n,nd)Sc44m 4.2
Ti46(n,2np)Sc44m 13.0
Ti46(n,t)Sc44m 13.0
Ti47(n,O)Sc44m 6.6
Ti48(n,O)Sc44m 1.6
V51(n,O)Sc44m 3.6

Sc46 Ti46(n,p)Sc46 13.3
Ti46(n,p)Sc46m(IT)Sc46 5.5
Ti47(n,np)Sc46 6.6
Ti48(n,O)Sc46 5.2
V51(n,O)Sc46 49.9
V51(n,2na)Sc46 1.8
V51(n,O)Sc46m(IT)Sc46 8.1

Sc47 Ti47(n,p)Sc47 2.0
Ti48(n,np)Sc47 11.8
Ti48(n,d)Sc47 2.0
V51(n,na)Sc47 69.0
V51(n,O)Sc47 13.1

Sc48 Ti48(n,p)Sc48 10.6
V51(n,a)Sc48 84.9
V51(n,O)Sc48 3.3

V48 V50(n,3n)V48 2.8
V50(n,O)V48 2.3
V51(n,O)V48 92.1
Cr50(n,O)V48 1.8

Cr49 Cr50(n,2n)Cr49 87.2
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Product Pathway(s) %

Cr50(n,O)Cr49 8.6
Cr52(n,O)Cr49 3.6

Cr51 Cr52(n,2n)Cr51 94.6
Cr52(n,O)Cr51 3.7

Mn52 Fe54(n,O)Mn52 63.1
Fe54(n,nd)Mn52 4.8
Fe54(n,2np)Mn52 23.2
Fe54(n,t)Mn52 6.4
Fe56(n,O)Mn52 1.8

Nb92m Nb93(n,O)Nb92m 2.3
Nb93(n,2n)Nb92m 95.2
Mo92(n,p)Nb92m 2.2
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A.3 Frascati Neutron Generator data

Table 33: FNG pathways for V4Cr4Ti using spectrum
fng vanad

Product Pathway(s) %

Na24 Al27(n,a)Na24 100.0

Ca47 Ti50(n,a)Ca47 100.0

Sc46 Ti46(n,p)Sc46 58.8
Ti46(n,p)Sc46m(IT)Sc46 20.9
Ti47(n,np)Sc46 16.0
Ti47(n,np)Sc46m(IT)Sc46 2.5

Sc47 Ti47(n,p)Sc47 41.1
Ti48(n,np)Sc47 30.4
Ti48(n,d)Sc47 12.9
V50(n,a)Sc47 11.3
V51(n,na)Sc47 4.6

Sc48 Ti48(n,p)Sc48 10.8
V51(n,a)Sc48 89.8

Cr49 Cr50(n,2n)Cr49 100.0

Ti51 V51(n,p)Ti51 99.9

V52 V51(n,g)V52 97.0
Cr52(n,p)V52 2.9

Cr51 Cr50(n,g)Cr51 3.7
Cr52(n,2n)Cr51 96.4

Mn54 Fe54(n,p)Mn54 99.8

Mn56 Fe56(n,p)Mn56 100.0

Co57 Ni58(n,np)Co57 97.0
Ni58(n,d)Co57 2.7

Co58 Ni58(n,p)Co58 83.8
Ni58(n,p)Co58m(IT)Co58 14.5

Co60 Ni60(n,p)Co60m(IT)Co60 17.1
Ni60(n,p)Co60 13.5
Cu63(n,a)Co60m(IT)Co60 35.9
Cu63(n,a)Co60 33.2

Nb92m Nb93(n,2n)Nb92m 88.8
Mo92(n,p)Nb92m 11.3

Nb95 Mo95(n,p)Nb95 80.3
Mo96(n,np)Nb95 8.0
Mo96(n,d)Nb95 11.0

Tc99m Mo98(n,g)Mo99(b-)Tc99m 3.9
Mo100(n,2n)Mo99(b-)Tc99m 87.4
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Table 34: FNG pathways for F82H using spectrum fng F82H

Product Pathway(s) %

Na24 Al27(n,a)Na24 100.0

Sc48 Ti48(n,p)Sc48 1.8
V51(n,a)Sc48 98.2

Cr51 Cr52(n,2n)Cr51 84.0
Fe54(n,a)Cr51 15.3

Mn54 Mn55(n,2n)Mn54 7.1
Fe54(n,p)Mn54 92.9

Mn56 Fe56(n,p)Mn56 99.0

Ni57 Ni58(n,2n)Ni57 100.0

Fe59 Fe58(n,g)Fe59 88.0
Co59(n,p)Fe59 11.1

Co57 Ni58(n,np)Co57 97.1
Ni58(n,d)Co57 2.7

Co58 Co59(n,2n)Co58 33.2
Co59(n,2n)Co58m(IT)Co58 9.1
Ni58(n,p)Co58 49.3
Ni58(n,p)Co58m(IT)Co58 8.5

Co60 Co59(n,g)Co60m(IT)Co60 30.7
Co59(n,g)Co60 19.6
Ni60(n,p)Co60m(IT)Co60 22.4
Ni60(n,p)Co60 17.6
Cu63(n,a)Co60m(IT)Co60 4.8
Cu63(n,a)Co60 4.4

Ta182 Ta181(n,g)Ta182 44.7
Ta181(n,g)Ta182m(IT)Ta182 26.1
W182(n,p)Ta182 14.5
W182(n,p)Ta182m(IT)Ta182 12.2

Ta183 W183(n,p)Ta183 83.2
W184(n,np)Ta183 2.2
W184(n,d)Ta183 5.6
W186(n,a)Hf183(b-)Ta183 9.1

Ta184 W184(n,p)Ta184 99.6

W187 W186(n,g)W187 100.0

Table 35: FNG pathways for Eurofer-97 using spectrum
fng eurofer

Product Pathway(s) %

Cr51 Cr50(n,g)Cr51 3.2
Cr52(n,2n)Cr51 84.5
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Product Pathway(s) %

Fe54(n,a)Cr51 12.3

Mn54 Mn55(n,2n)Mn54 19.6
Fe54(n,p)Mn54 80.4

Fe59 Fe58(n,g)Fe59 95.5
Co59(n,p)Fe59 4.2

Co57 Ni58(n,np)Co57 97.0
Ni58(n,d)Co57 2.7

Co58 Co59(n,2n)Co58 37.3
Co59(n,2n)Co58m(IT)Co58 10.7
Ni58(n,p)Co58 44.3
Ni58(n,p)Co58m(IT)Co58 7.8

Co60 Co59(n,g)Co60m(IT)Co60 52.8
Co59(n,g)Co60 33.5
Ni60(n,p)Co60m(IT)Co60 6.8
Ni60(n,p)Co60 5.3

Ta182 Ta181(n,g)Ta182 62.7
Ta181(n,g)Ta182m(IT)Ta182 36.5

W181 W182(n,2n)W181 98.7

Table 36: FNG pathways for silicon carbide using spectrum
fng SiC

Product Pathway(s) %

Mg27 Si30(n,a)Mg27 100.0

Al28 Si28(n,p)Al28 99.7

Al29 Si29(n,p)Al29 99.0

Table 37: FNG pathways for niobium using spectrum fng SiC

Product Pathway(s) %

Nb92m Nb93(n,2n)Nb92m 100.0

Y90m Nb93(n,a)Y90m 100.0

UKAEA Page 493 of 531



A.3 Frascati Neutron Generator data UKAEA-R(18)004
Integro-Differential Validation

Table 38: FNG pathways for yttrium using spectrum fng Y

Product Pathway(s) %

Y88 Y89(n,2n)Y88 100.0

Y90m Y89(n,g)Y90m 96.6
Zr90(n,p)Y90m 4.5

Zr89 Zr90(n,2n)Zr89 85.0
Zr90(n,2n)Zr89m(IT)Zr89 15.0

Rb86 Y89(n,a)Rb86 69.5
Y89(n,a)Rb86m(IT)Rb86 30.5

Ta180 Ta181(n,2n)Ta180 100.0

Y89m Y89(n,n)Y89m 100.0

Rb86m Y89(n,a)Rb86m 100.0

Table 39: FNG pathways for tungsten (1 of 2) using spectrum
fng tung

Product Pathway(s) %

Hf181 W184(n,a)Hf181 100.0

Hf183 W186(n,a)Hf183 99.8

Ta182 W182(n,p)Ta182 49.8
W182(n,p)Ta182m(IT)Ta182 42.1
W182(n,p)Ta182n(IT)Ta182m(IT)Ta182 3.0
W183(n,d)Ta182 1.7

Ta184 W184(n,p)Ta184 99.6

Ta185 W186(n,np)Ta185 17.6
W186(n,d)Ta185 82.2

Ta186 W186(n,p)Ta186 99.3

W181 W182(n,2n)W181 98.6

W185 W184(n,g)W185 4.7
W186(n,2n)W185 57.6
W186(n,2n)W185m(IT)W185 37.7

W185m W186(n,2n)W185m 99.9

W187 W186(n,g)W187 100.0

Table 40: FNG pathways for tungsten (2 of 2) using spectrum
fng tung

Product Pathway(s) %

Hf181 W184(n,a)Hf181 100.0
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Product Pathway(s) %

Hf183 W186(n,a)Hf183 100.0

Ta182 W182(n,p)Ta182 49.4
W182(n,p)Ta182m(IT)Ta182 41.7
W182(n,p)Ta182n(IT)Ta182m(IT)Ta182 3.8
W183(n,d)Ta182 1.7

Ta184 W184(n,p)Ta184 99.8

Ta185 W186(n,np)Ta185 17.6
W186(n,d)Ta185 82.4

Ta186 W186(n,p)Ta186 99.8

W181 W182(n,2n)W181 98.6

W185 W184(n,g)W185 4.6
W186(n,2n)W185 57.2
W186(n,2n)W185m(IT)W185 38.1

W185m W186(n,2n)W185m 99.9

W187 W186(n,g)W187 100.0

Table 41: FNG pathways for chromium using spectrum
fng Cr

Product Pathway(s) %

Cr49 Cr50(n,2n)Cr49 100.0

Cr51 Cr52(n,2n)Cr51 100.0

V52 Cr52(n,p)V52 97.7
Cr53(n,np)V52 2.0

Table 42: FNG pathways for CuCrZr using spectrum
fng CuCrZr

Product Pathway(s) %

Cr51 Cr52(n,2n)Cr51 100.0

Co60 Cu63(n,a)Co60m(IT)Co60 51.7
Cu63(n,a)Co60 48.3

Co61 Cu65(n,na)Co61 98.9

Cu64 Cu65(n,2n)Cu64 99.3

Ni65 Cu65(n,p)Ni65 99.3

Co62m Cu65(n,a)Co62m 99.7

Zr89 Zr90(n,2n)Zr89 83.1
Zr90(n,2n)Zr89m(IT)Zr89 16.8
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Table 43: FNG pathways for hafnium using spectrum
fng hafnium

Product Pathway(s) %

Lu178 Hf178(n,p)Lu178 94.0
Hf179(n,np)Lu178 1.5
Hf179(n,d)Lu178 3.4

Lu178m Hf178(n,p)Lu178m 76.3
Hf179(n,np)Lu178m 8.2
Hf179(n,d)Lu178m 13.8

Lu179 Hf179(n,p)Lu179 89.3
Hf180(n,np)Lu179 4.1
Hf180(n,d)Lu179 6.5

Lu180 Hf180(n,p)Lu180 100.0

Hf173 Hf174(n,2n)Hf173 100.0

Hf175 Hf176(n,2n)Hf175 98.3
Hf177(n,3n)Hf175 1.6

Hf179n Hf179(n,n)Hf179n 9.6
Hf180(n,2n)Hf179n 90.4

Hf180m Hf180(n,n)Hf180m 98.9

Hf181 Hf180(n,g)Hf181 100.0

Table 44: FNG pathways for molybdenum (short) using spec-
trum fng Mo

Product Pathway(s) %

Zr89 Mo92(n,a)Zr89 75.2
Mo92(n,a)Zr89m(IT)Zr89 25.1

Nb92m Mo92(n,p)Nb92m 100.0

Nb95m Mo95(n,p)Nb95m 80.1
Mo96(n,np)Nb95m 5.1
Mo96(n,d)Nb95m 14.7

Nb95 Mo95(n,p)Nb95 80.4
Mo96(n,np)Nb95 8.0
Mo96(n,d)Nb95 11.0

Nb96 Mo96(n,p)Nb96 93.2
Mo97(n,np)Nb96 3.4
Mo97(n,d)Nb96 4.2

Tc99m Mo100(n,2n)Mo99(b-)Tc99m 88.2

Mo99 Mo100(n,2n)Mo99 99.8
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Table 45: FNG pathways for molybdenum using spectrum
fng Mo

Product Pathway(s) %

Zr89 Mo92(n,a)Zr89 75.2
Mo92(n,a)Zr89m(IT)Zr89 25.1

Nb92m Mo92(n,p)Nb92m 100.0

Nb95m Mo95(n,p)Nb95m 80.1
Mo96(n,np)Nb95m 5.1
Mo96(n,d)Nb95m 14.7

Nb95 Mo95(n,p)Nb95 80.4
Mo96(n,np)Nb95 8.0
Mo96(n,d)Nb95 11.0

Nb96 Mo96(n,p)Nb96 93.2
Mo97(n,np)Nb96 3.4
Mo97(n,d)Nb96 4.2

Tc99m Mo100(n,2n)Mo99(b-)Tc99m 88.2

Mo99 Mo100(n,2n)Mo99 99.8

Table 46: FNG pathways for tantalum using spectrum fng Ta

Product Pathway(s) %

Lu178 Ta181(n,a)Lu178 97.7

Lu178m Ta181(n,a)Lu178m 98.3

Hf180m Ta181(n,np)Hf180m 38.2
Ta181(n,d)Hf180m 61.4

Hf181 Ta181(n,p)Hf181 100.0

Ta180 Ta181(n,2n)Ta180 100.0

Ta182 Ta181(n,g)Ta182 62.3
Ta181(n,g)Ta182m(IT)Ta182 37.4

Ta182n Ta181(n,g)Ta182n 99.9

Table 47: FNG pathways for dysprosium using spectrum
fng Dy

Product Pathway(s) %

Dy155 Dy156(n,2n)Dy155 100.0

Dy157 Dy158(n,2n)Dy157 99.5
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Product Pathway(s) %

Tb162 Dy162(n,p)Tb162 97.6
Dy163(n,np)Tb162 2.4
Dy163(n,d)Tb162 5.6

Tb163 Dy163(n,p)Tb163 100.0
Dy164(n,np)Tb163 1.9
Dy164(n,d)Tb163 6.2

Dy165 Dy164(n,g)Dy165m(IT)Dy165 67.0
Dy164(n,g)Dy165 35.6

Table 48: FNG pathways for rhenium using spectrum fng Re

Product Pathway(s) %

Re184 Re185(n,2n)Re184 100.0

Re184m Re185(n,2n)Re184m 100.0

Re183 Re185(n,3n)Re183 100.0

Re186 Re185(n,g)Re186 12.9
Re187(n,2n)Re186 87.2

Re188 Re187(n,g)Re188 98.1
Re187(n,g)Re188m(IT)Re188 2.0

Re188m Re187(n,g)Re188m 100.0

Ta184 Re187(n,a)Ta184 100.0

W187 Re187(n,p)W187 100.0

Table 49: FNG pathways for tin using spectrum fng Sn

Product Pathway(s) %

Sn111 Sn112(n,2n)Sn111 100.0

Sn113 Sn114(n,2n)Sn113m(IT)Sn113 69.4
Sn114(n,2n)Sn113 28.5

Sn113m Sn114(n,2n)Sn113m 100.0

In116 Sn116(n,p)In116 97.1
Sn117(n,np)In116 1.7

In115m Sn115(n,p)In115m 6.8
Sn116(n,np)In115m 37.4
Sn116(n,d)In115m 53.7
Sn117(n,t)In115m 2.1

In117 Sn117(n,p)In117 87.3
Sn118(n,np)In117 6.9
Sn118(n,d)In117 3.8
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Product Pathway(s) %

In117m Sn117(n,p)In117m 78.2
Sn118(n,np)In117m 3.7
Sn118(n,d)In117m 16.4
Sn120(n,a)Cd117(b-)In117m 1.7

Sn117m Sn117(n,n)Sn117m 5.3
Sn118(n,2n)Sn117m 94.6

Cd115 Sn118(n,a)Cd115 99.7

Cd117 Sn120(n,a)Cd117 100.0

Cd117m Sn120(n,a)Cd117m 100.0

Sn123 Sn124(n,2n)Sn123 99.9

Sn123m Sn124(n,2n)Sn123m 100.0

Table 50: FNG pathways for scandium using spectrum
fng ScSmGd

Product Pathway(s) %

Sc44 Sc45(n,2n)Sc44 100.0

Sc44m Sc45(n,2n)Sc44m 100.0

K42 Sc45(n,a)K42 100.0

Table 51: FNG pathways for samarium using spectrum
fng ScSmGd

Product Pathway(s) %

Pm150 Sm150(n,p)Pm150 100.0

Nd149 Sm152(n,a)Nd149 100.0

Sm153 Sm152(n,g)Sm153 1.6
Sm154(n,2n)Sm153 98.4

Table 52: FNG pathways for gadolinium using spectrum
fng ScSmGd

Product Pathway(s) %

Eu158 Gd158(n,p)Eu158 100.0

Sm155 Gd158(n,a)Sm155 100.0

Gd159 Gd160(n,2n)Gd159 99.9
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Table 53: FNG pathways for spectroscopic heat measure-
ments using spectrum fng heat

Product Pathway(s) %

Na24 Mg24(n,p)Na24 99.2

Na25 Mg25(n,p)Na25 100.0
Mg26(n,d)Na25 3.8

Mg27 Al27(n,p)Mg27 100.0

Na24 Al27(n,a)Na24 100.0

Sc48 Ti48(n,p)Sc48 99.4

Sc49 Ti49(n,p)Sc49 97.6
Ti50(n,np)Sc49 2.3
Ti50(n,d)Sc49 1.9

Sc50 Ti50(n,p)Sc50m(IT)Sc50 60.0
Ti50(n,p)Sc50 45.0

Co60 Ni60(n,p)Co60 68.5
Ni60(n,p)Co60m(IT)Co60 24.4

Co62 Ni62(n,p)Co62 100.0

Co62m Ni62(n,p)Co62m 100.0

Cu62 Cu63(n,2n)Cu62 99.6

Zr89m Zr90(n,2n)Zr89m 100.0

Y94 Zr94(n,p)Y94 100.0

Mo91 Mo92(n,2n)Mo91 100.0
Mo92(n,2n)Mo91m(IT)Mo91 4.9

Y90 Nb93(n,a)Y90 91.8
Nb93(n,a)Y90m(IT)Y90 8.2

Nb92m Nb93(n,2n)Nb92m 100.0

Ag106 Ag107(n,2n)Ag106 100.0

Ag108 Ag107(n,g)Ag108 1.9
Ag109(n,2n)Ag108 100.0

Cd111m Cd111(n,n)Cd111m 12.5
Cd112(n,2n)Cd111m 90.3

Sn123m Sn124(n,2n)Sn123m 100.0

Hf180m Hf180(n,n)Hf180m 99.1

Lu180 Hf180(n,p)Lu180 100.0

Re184 Re185(n,2n)Re184 100.0

W185 W186(n,2n)W185 61.8
W186(n,2n)W185m(IT)W185 37.8

Ta186 W186(n,p)Ta186 100.0

Re186 Re187(n,2n)Re186 98.8

Pb204m Pb204(n,n)Pb204m 100.0
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A.4 Japan Atomic Energy Agency data

Table 54: JAEA pathways for 5 minute irradiation samples
using spectrum fns 5min

Product Pathway(s) %

N13 N14(n,2n)N13 100.0

N16 O16(n,p)N16 100.0

O19 F19(n,p)O19 99.8

F18 F19(n,2n)F18 100.0

Ne23 Na23(n,p)Ne23 100.0

Ne23 Mg26(n,a)Ne23 100.0

Na24 Na23(n,g)Na24 100.0

Na24 Mg24(n,p)Na24 99.1

Na25 Mg25(n,p)Na25 96.8
Mg26(n,d)Na25 3.4

Mg27 Al27(n,p)Mg27 99.9

Mg27 Si30(n,a)Mg27 99.9

Al28 Si28(n,p)Al28 98.1

Al28 P31(n,a)Al28 100.0

Al29 Si29(n,p)Al29 98.8

Si31 S32(n,2p)Si31 25.5
S34(n,a)Si31 74.5

P34 S34(n,p)P34 100.0

P34 Cl37(n,a)P34 99.8

S35 K39(n,pa)S35 100.0

S37 Cl37(n,p)S37 100.0

Cl34m Cl35(n,2n)Cl34m 100.0

Cl38 K41(n,a)Cl38 72.6
K41(n,a)Cl38m(IT)Cl38 25.9

K38 K39(n,2n)K38 100.0

K44 Ca44(n,p)K44 100.0

Ar41 K41(n,p)Ar41 100.0

Sc44 Sc45(n,2n)Sc44 100.0

Sc48 Ti48(n,p)Sc48 99.4

Sc50 Ti50(n,p)Sc50m(IT)Sc50 56.8
Ti50(n,p)Sc50 42.4

Ti51 V51(n,p)Ti51 99.9

V52 Mn55(n,a)V52 100.0

V52 Cr52(n,p)V52 97.7
Cr53(n,np)V52 2.0

Cr49 Cr50(n,2n)Cr49 100.0

Cr55 Mn55(n,p)Cr55 100.0

Mn56 Mn55(n,g)Mn56 100.0
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Product Pathway(s) %

Mn56 Fe56(n,p)Mn56 99.5

Mn56 Co59(n,a)Mn56 100.0

Co60m Ni60(n,p)Co60m 99.4

Co62 Ni62(n,p)Co62 98.7

Co62m Ni62(n,p)Co62m 100.0

Cu62 Cu63(n,2n)Cu62 100.0

Zn63 Zn64(n,2n)Zn63 100.0

Ga68 Ga69(n,2n)Ga68 100.0

Ga70 Ga71(n,2n)Ga70 99.0

Ga74 Ge74(n,p)Ga74 80.9
Ge74(n,p)Ga74m(IT)Ga74 19.1

Ge75 Ge76(n,2n)Ge75m(IT)Ge75 66.3
Ge76(n,2n)Ge75 33.2

Ge75 As75(n,p)Ge75m(IT)Ge75 57.3
As75(n,p)Ge75 42.9

Ge75m Ge76(n,2n)Ge75m 98.5

Ge75m As75(n,p)Ge75m 99.4

Se77m Se77(n,n)Se77m 13.6
Se78(n,2n)Se77m 86.1

Se81 Se80(n,g)Se81 2.5
Se82(n,2n)Se81 88.8
Se82(n,2n)Se81m(IT)Se81 8.6

Br78 Br79(n,2n)Br78 99.8

Br80 Br79(n,g)Br80 6.0
Br81(n,2n)Br80 93.1

Rb84 Rb85(n,2n)Rb84 94.4
Rb85(n,2n)Rb84m(IT)Rb84 5.6

Rb86m Rb87(n,2n)Rb86m 99.7

Rb86m Y89(n,a)Rb86m 100.0

Rb88 Sr88(n,p)Rb88 100.0

Y88 Y89(n,2n)Y88 100.0

Y89m Y89(n,n)Y89m 100.0

Y89m Nb93(n,na)Y89m 99.9

Y90m Nb93(n,a)Y90m 100.0

Y94 Zr94(n,p)Y94 100.0

Zr89m Zr90(n,2n)Zr89m 100.0

Nb94m Nb93(n,g)Nb94m 99.7

Mo91 Mo92(n,2n)Mo91 95.8
Mo92(n,2n)Mo91m(IT)Mo91 4.3

Mo91m Mo92(n,2n)Mo91m 100.0

Tc100 Ru100(n,p)Tc100 83.0
Ru101(n,np)Tc100 12.8
Ru101(n,d)Tc100 4.3
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Product Pathway(s) %

Tc102m Ru102(n,p)Tc102m 100.0

Ru95 Ru96(n,2n)Ru95 100.0

Rh103m Rh103(n,n)Rh103m 100.0

Rh104 Rh103(n,g)Rh104 96.4
Rh103(n,g)Rh104m(IT)Rh104 2.8

Rh108m Pd108(n,p)Rh108m 99.9

Pd107m Pd108(n,2n)Pd107m 99.6

Pd109 Pd108(n,g)Pd109 5.9
Pd110(n,2n)Pd109 83.5
Pd110(n,2n)Pd109m(IT)Pd109 10.5

Pd109m Pd110(n,2n)Pd109m 99.0

Ag106 Ag107(n,2n)Ag106 100.0

Ag108 Ag107(n,g)Ag108 4.8
Ag109(n,2n)Ag108 94.9

Ag114 Cd114(n,p)Ag114 100.0

Cd111m Cd111(n,n)Cd111m 13.3
Cd112(n,2n)Cd111m 86.7

In114 In115(n,2n)In114 99.2

In116m In115(n,g)In116m 79.4
In115(n,g)In116n(IT)In116m 20.6

In118m Sn118(n,p)In118m 88.0
Sn118(n,p)In118n(IT)In118m 10.8

In120m Sn120(n,p)In120m 98.6

Sn123m Sn124(n,2n)Sn123m 99.9

Sb120 Sb121(n,2n)Sb120 100.0

Te129 Te130(n,2n)Te129 99.7

I128 I127(n,g)I128 100.0

Cs132 Cs133(n,2n)Cs132 100.0

Cs136m Ba136(n,p)Cs136m 83.3
Ba137(n,d)Cs136m 14.9

Cs138 Ba138(n,p)Cs138 83.1
Ba138(n,p)Cs138m(IT)Cs138 17.1

Ba137m Ba137(n,n)Ba137m 3.3
Ba138(n,2n)Ba137m 95.8

Ba137m Ce140(n,a)Ba137m 99.3

Ba139 La139(n,p)Ba139 100.0

La142 Ce142(n,p)La142 100.0

Ce139m Ce140(n,2n)Ce139m 98.8

Pr140 Pr141(n,2n)Pr140 99.5

Nd141m Nd142(n,2n)Nd141m 98.6

Nd149 Nd150(n,2n)Nd149 99.5

Sm143 Sm144(n,2n)Sm143 62.2
Sm144(n,2n)Sm143m(IT)Sm143 38.0
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Product Pathway(s) %

Sm143m Sm144(n,2n)Sm143m 98.5

Eu152m Eu151(n,g)Eu152m 64.3
Eu153(n,2n)Eu152m 35.7

Eu160 Gd160(n,p)Eu160 98.5

Gd159 Gd160(n,2n)Gd159 98.9

Gd159 Tb159(n,p)Gd159 100.0

Gd161 Gd160(n,g)Gd161 99.4

Tb158m Tb159(n,2n)Tb158m 100.0

Tb162 Dy162(n,p)Tb162 92.3
Dy163(n,np)Tb162 2.2
Dy163(n,d)Tb162 5.3

Tb164 Dy164(n,p)Tb164 99.2

Dy165 Dy164(n,g)Dy165m(IT)Dy165 59.5
Dy164(n,g)Dy165 41.0

Dy165m Dy164(n,g)Dy165m 98.3

Ho164 Ho165(n,2n)Ho164 95.8
Ho165(n,2n)Ho164m(IT)Ho164 4.2

Ho164m Ho165(n,2n)Ho164m 100.0

Ho168 Er168(n,p)Ho168 66.5
Er168(n,p)Ho168m(IT)Ho168 34.4

Er165 Er166(n,2n)Er165 99.7

Tm168 Tm169(n,2n)Tm168 100.0

Tm174 Yb174(n,p)Tm174 99.6

Yb167 Yb168(n,2n)Yb167 100.0

Lu176m Lu175(n,g)Lu176m 90.1
Lu176(n,n)Lu176m 9.9

Lu180 Hf180(n,p)Lu180 100.0

Hf179m Hf178(n,g)Hf179m 28.0
Hf179(n,n)Hf179m 7.2
Hf180(n,2n)Hf179m 64.8

Ta180 Ta181(n,2n)Ta180 100.0

Ta186 W186(n,p)Ta186 100.0

W185m W186(n,2n)W185m 98.2

W185m Re185(n,p)W185m 91.2
Re187(n,t)W185m 8.8

Re186 Re185(n,g)Re186 4.8
Re187(n,2n)Re186 95.2

Os191m Os192(n,2n)Os191m 99.1

Ir192m Ir191(n,g)Ir192m 31.7
Ir193(n,2n)Ir192m 67.1

Pt197m Pt198(n,2n)Pt197m 100.0

Au195m Au197(n,3n)Au195m 100.0

Au196m Au197(n,2n)Au196m 99.9
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Product Pathway(s) %

Au196n Au197(n,2n)Au196n 100.0

Au197m Au197(n,n)Au197m 100.0

Hg199m Hg199(n,n)Hg199m 12.4
Hg200(n,2n)Hg199m 87.5

Hg205 Tl205(n,p)Hg205 99.7

Tl202 Tl203(n,2n)Tl202 100.0

Tl206 Tl205(n,g)Tl206 96.9
Tl205(n,g)Tl206m(IT)Tl206 2.6

Tl206 Bi209(n,a)Tl206 92.7
Bi209(n,a)Tl206m(IT)Tl206 13.2

Tl208 Pb208(n,p)Tl208 100.0

Pb203m Pb204(n,2n)Pb203m 97.4
Pb204(n,2n)Pb203n(IT)Pb203m 2.6

Pb204m Pb204(n,n)Pb204m 100.0

Pb209 Bi209(n,p)Pb209 100.0

Table 55: JAEA pathways for 7 hour irradiation samples
using spectrum fns 7hour

Product Pathway(s) %

Na22 Na23(n,2n)Na22 100.0

Na24 Na23(n,g)Na24 99.9

Na24 Al27(n,a)Na24 99.9

P32 S32(n,p)P32 99.5

K42 K41(n,g)K42 99.9

K42 Ca42(n,p)K42 98.0
Ca43(n,np)K42 1.6

Ca47 Ca48(n,2n)Ca47 100.0

Sc46 Ti46(n,p)Sc46 60.9
Ti46(n,p)Sc46m(IT)Sc46 21.7
Ti47(n,np)Sc46 13.8
Ti47(n,np)Sc46m(IT)Sc46 2.0

Sc48 Ti48(n,p)Sc48 99.6

Sc48 V51(n,a)Sc48 100.0

Cr51 Cr52(n,2n)Cr51 100.0

Mn54 Fe54(n,p)Mn54 100.0

Mn56 Mn55(n,g)Mn56 99.3

Mn56 Fe56(n,p)Mn56 98.6

Co57 Ni58(n,np)Co57 97.1
Ni58(n,d)Co57 2.6

Co58 Ni58(n,p)Co58 80.0
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Ni58(n,p)Co58m(IT)Co58 20.0

Co58 Co59(n,2n)Co58 71.9
Co59(n,2n)Co58m(IT)Co58 28.2

Co58m Co59(n,2n)Co58m 99.8

Co60 Cu63(n,a)Co60m(IT)Co60 52.8
Cu63(n,a)Co60 47.2

Ni57 Ni58(n,2n)Ni57 100.0

Cu64 Cu65(n,2n)Cu64 99.5

Sr83 Sr84(n,2n)Sr83 84.3
Sr84(n,2n)Sr83m(IT)Sr83 15.7

Sr85 Sr86(n,2n)Sr85 80.5
Sr86(n,2n)Sr85m(IT)Sr85 19.5

Sr87m Sr87(n,n)Sr87m 2.3
Sr88(n,2n)Sr87m 97.1

Y88 Y89(n,2n)Y88 100.0

Zr89 Zr90(n,2n)Zr89 84.0
Zr90(n,2n)Zr89m(IT)Zr89 16.0

Zr95 Zr96(n,2n)Zr95 99.5

Zr95 Mo98(n,a)Zr95 100.0

Nb91m Mo92(n,np)Nb91m 92.3
Mo92(n,d)Nb91m 3.9
Mo92(n,2n)Mo91m(b+)Nb91m 3.7

Nb92m Nb93(n,2n)Nb92m 100.0

Nb92m Mo92(n,p)Nb92m 100.0

Nb95 Mo95(n,p)Nb95 83.2
Mo96(n,np)Nb95 6.4
Mo96(n,d)Nb95 9.7

Mo99 Mo100(n,2n)Mo99 99.6

Sn117m Sn117(n,n)Sn117m 5.1
Sn118(n,2n)Sn117m 94.8

Sn119m Sn119(n,n)Sn119m 6.1
Sn120(n,2n)Sn119m 93.8

Sn123 Sn124(n,2n)Sn123 99.9

Ba131 Ba132(n,2n)Ba131m(IT)Ba131 59.2
Ba132(n,2n)Ba131 39.6

Ba133m Ba134(n,2n)Ba133m 100.0

Ba135m Ba135(n,n)Ba135m 10.6
Ba136(n,2n)Ba135m 89.3

Hf181 Ta181(n,p)Hf181 100.0

Ta180 Ta181(n,2n)Ta180 99.7

Ta182 Ta181(n,g)Ta182 59.3
Ta181(n,g)Ta182m(IT)Ta182 38.9
Ta181(n,g)Ta182n(IT)Ta182m(IT)Ta182 1.8
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Ta184 W184(n,p)Ta184 99.6

W181 W182(n,2n)W181 99.8

W185 W186(n,2n)W185 59.8
W186(n,2n)W185m(IT)W185 40.0

Re184 Re185(n,2n)Re184 100.0

Re184m Re185(n,2n)Re184m 100.0

Re186 Re187(n,2n)Re186 99.7

Pb203 Pb204(n,2n)Pb203m(IT)Pb203 51.7
Pb204(n,2n)Pb203 47.1

Hg203 Pb206(n,a)Hg203 96.2
Pb207(n,na)Hg203 3.8
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A.5 Jülich Nuclear Physics Group data

The various papers cited in section 3.5 provide effective cross-section data and exper-
imental information. Elements with multiple isotopes isolated the nuclide with the
dominant reaction and scaled by isotopic fraction. Note that the results from these
experiments often contain total production cross-sections such as (n,Xt) and 3He/4He
production ratios which are used to calculated (n,h) cross-sections. An approximate
d-Be neutron spectrum was produced, as outlined in section 3.5, and effective cross-
sections are computed from collapse with nuclear data.
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A.6 National Physics Institute Řež data

Table 56: NPI Řež pathways for aluminium using spectrum
rez DF

Product Pathway(s) %

Na22 Al27(n,2na)Na22 37.7
Al27(n,O)Na22 62.3

Na24 Al27(n,a)Na24 99.5

Table 57: NPI Řež pathways for titanium using spectrum
rez DF

Product Pathway(s) %

Sc46 Ti46(n,p)Sc46 41.6
Ti46(n,p)Sc46m(IT)Sc46 17.8
Ti47(n,np)Sc46 18.8
Ti47(n,d)Sc46 2.3
Ti47(n,np)Sc46m(IT)Sc46 4.2
Ti48(n,O)Sc46 2.2
Ti48(n,nd)Sc46 4.5
Ti48(n,2np)Sc46 3.0
Ti48(n,t)Sc46 1.8

Table 58: NPI Řež pathways for cobalt using spectrum
rez DF

Product Pathway(s) %

Mn56 Co59(n,a)Mn56 99.2

Fe59 Co59(n,p)Fe59 99.5

Co57 Co59(n,3n)Co57 91.9
Co59(n,O)Co57 8.1

Co58 Co59(n,2n)Co58 65.5
Co59(n,2n)Co58m(IT)Co58 33.9

Co58m Co59(n,2n)Co58m 99.2
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Table 59: NPI Řež pathways for zirconium using spectrum
rez DF

Product Pathway(s) %

Zr89 Zr90(n,2n)Zr89 79.8
Zr90(n,2n)Zr89m(IT)Zr89 16.2
Zr91(n,3n)Zr89 2.8

Table 60: NPI Řež pathways for yttrium using spectrum
rez DF

Product Pathway(s) %

Y87 Y89(n,O)Y87 6.0
Y89(n,3n)Y87 60.5
Y89(n,O)Y87m(IT)Y87 3.5
Y89(n,3n)Y87m(IT)Y87 30.1

Y88 Y89(n,2n)Y88 99.4

Table 61: NPI Řež pathways for niobium using spectrum
rez DF

Product Pathway(s) %

Nb90 Nb93(n,O)Nb90 78.4
Nb93(n,4n)Nb90 5.1
Nb93(n,O)Nb90m(IT)Nb90 15.7

Nb91m Nb93(n,O)Nb91m 4.3
Nb93(n,3n)Nb91m 95.7

Nb92m Nb93(n,2n)Nb92m 99.5

Table 62: NPI Řež pathways for rhenium using spectrum
rez DF

Product Pathway(s) %

Ru103 Rh103(n,p)Ru103 99.4

Rh100 Rh103(n,O)Rh100m(IT)Rh100 40.5
Rh103(n,4n)Rh100m(IT)Rh100 25.3
Rh103(n,O)Rh100 20.6
Rh103(n,4n)Rh100 13.6
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Integro-Differential Validation

Product Pathway(s) %

Rh101m Rh103(n,O)Rh101m 3.3
Rh103(n,3n)Rh101m 96.7

Rh102 Rh103(n,2n)Rh102 99.8

Table 63: NPI Řež pathways for lutetium using spectrum
rez DF

Product Pathway(s) %

Lu172 Lu175(n,O)Lu172 13.1
Lu175(n,4n)Lu172 61.5
Lu175(n,O)Lu172m(IT)Lu172 3.8
Lu175(n,4n)Lu172m(IT)Lu172 21.7

Lu173 Lu175(n,3n)Lu173 98.3

Lu174 Lu175(n,2n)Lu174 98.7

Table 64: NPI Řež pathways for gold using spectrum rez DF

Product Pathway(s) %

Au194 Au197(n,O)Au194m(IT)Au194 13.7
Au197(n,4n)Au194m(IT)Au194 54.9
Au197(n,O)Au194 3.3
Au197(n,4n)Au194 15.6
Au197(n,O)Au194n(IT)Au194 3.5
Au197(n,4n)Au194n(IT)Au194 9.0

Au195 Au197(n,3n)Au195m(IT)Au195 75.6
Au197(n,3n)Au195 23.3

Au196 Au197(n,2n)Au196m(IT)Au196 63.8
Au197(n,2n)Au196 33.5
Au197(n,2n)Au196n(IT)Au196m(IT)Au196 2.5

Au196n Au197(n,2n)Au196n 99.5

Table 65: NPI Řež pathways for bismuth using spectrum
rez DF

Product Pathway(s) %

Bi206 Bi209(n,4n)Bi206 79.3
Bi209(n,O)Bi206 20.7
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Product Pathway(s) %

Bi207 Bi209(n,3n)Bi207 98.8

Table 66: NPI Řež pathways for Eurofer-97 using spectrum
rez DF

Product Pathway(s) %

Na24 Al27(n,a)Na24 79.4
Si28(n,pa)Na24 17.6
Si28(n,O)Na24 1.7

Sc46 Ti46(n,p)Sc46 8.5
Ti46(n,p)Sc46m(IT)Sc46 3.7
Ti47(n,np)Sc46 3.8
V51(n,O)Sc46 4.7
V51(n,2na)Sc46 2.7

Sc47 Ti48(n,np)Sc47 6.2
V51(n,na)Sc47 87.0
V51(n,O)Sc47 3.6

Sc48 Ti48(n,p)Sc48 3.5
V51(n,a)Sc48 60.0
Cr52(n,pa)Sc48 30.9
Cr52(n,O)Sc48 4.9

V48 Cr50(n,nd)V48 15.0
Cr50(n,2np)V48 53.7
Cr50(n,t)V48 12.6
Cr50(n,O)V48 18.2

Cr48 Cr50(n,3n)Cr48 74.4
Cr50(n,O)Cr48 25.5

Cr51 Cr52(n,2n)Cr51 86.1
Fe54(n,a)Cr51 11.2

Mn52 Fe54(n,O)Mn52 17.4
Fe54(n,nd)Mn52 11.7
Fe54(n,2np)Mn52 55.4
Fe54(n,t)Mn52 14.7

Mn54 Mn55(n,2n)Mn54 6.3
Fe54(n,p)Mn54 65.7
Fe56(n,nd)Mn54 3.9
Fe56(n,2np)Mn54 16.3
Fe56(n,t)Mn54 3.4
Fe56(n,O)Mn54 4.3

Mn56 Fe56(n,p)Mn56 96.8
Fe57(n,np)Mn56 1.6
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Fe52 Fe54(n,O)Fe52 29.1
Fe54(n,3n)Fe52 70.6

Fe59 Fe58(n,g)Fe59 71.2
Co59(n,p)Fe59 26.2

Co56 Ni58(n,nd)Co56 11.3
Ni58(n,2np)Co56 70.2
Ni58(n,t)Co56 5.1
Ni58(n,O)Co56 13.5

Co57 Co59(n,3n)Co57 3.3
Ni58(n,np)Co57 90.5
Ni58(n,d)Co57 4.4

Co58 Co59(n,2n)Co58 14.2
Co59(n,2n)Co58m(IT)Co58 8.8
Ni58(n,p)Co58 60.6
Ni58(n,p)Co58m(IT)Co58 15.4

Ni57 Ni58(n,2n)Ni57 98.6

Hf180m Ta181(n,O)Hf180m 2.9
Ta181(n,np)Hf180m 32.0
Ta181(n,d)Hf180m 15.4
W183(n,a)Hf180m 12.5
W184(n,O)Hf180m 1.8
W184(n,na)Hf180m 34.7

Ta180 Ta181(n,2n)Ta180 98.9

Ta182 Ta181(n,g)Ta182 43.0
Ta181(n,g)Ta182m(IT)Ta182 26.8
W182(n,p)Ta182m(IT)Ta182 5.3
W182(n,p)Ta182 5.2
W183(n,np)Ta182m(IT)Ta182 4.1
W183(n,np)Ta182 3.8

Ta183 W183(n,p)Ta183 27.2
W184(n,np)Ta183 38.4
W184(n,d)Ta183 17.9
W184(n,O)Ta183 3.3
W186(n,a)Hf183(b-)Ta183 10.0
W186(n,nt)Ta183 2.0

W187 W186(n,g)W187 99.9

Table 67: NPI Řež pathways for tungsten using spectrum
rez DF

Product Pathway(s) %

Hf179n W182(n,O)Hf179n 1.6
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W182(n,a)Hf179n 72.6
W183(n,na)Hf179n 18.0
W184(n,O)Hf179n 1.7
W184(n,2na)Hf179n 4.6

Hf180m W183(n,a)Hf180m 25.3
W184(n,O)Hf180m 3.7
W184(n,na)Hf180m 70.3

Hf181 W184(n,a)Hf181 89.8
W186(n,2na)Hf181 7.0
W186(n,O)Hf181 2.0

Hf182m W186(n,O)Hf182m 4.5
W186(n,na)Hf182m 94.8

Hf183 W186(n,a)Hf183 98.3

Ta182 W182(n,p)Ta182m(IT)Ta182 18.2
W182(n,p)Ta182 18.0
W182(n,p)Ta182n(IT)Ta182m(IT)Ta182 4.3
W183(n,np)Ta182m(IT)Ta182 14.1
W183(n,d)Ta182m(IT)Ta182 3.9
W183(n,np)Ta182 13.1
W183(n,d)Ta182 4.0
W183(n,np)Ta182n(IT)Ta182m(IT)Ta182 3.7
W184(n,2np)Ta182m(IT)Ta182 2.2
W184(n,t)Ta182m(IT)Ta182 2.8
W184(n,2np)Ta182 1.9
W184(n,t)Ta182 2.6

Ta183 W183(n,p)Ta183 28.6
W184(n,np)Ta183 40.4
W184(n,d)Ta183 18.8
W184(n,O)Ta183 3.5
W186(n,a)Hf183(b-)Ta183 5.4
W186(n,nt)Ta183 2.1

Ta184 W184(n,p)Ta184 71.3
W184(n,O)Ta184 1.8
W186(n,nd)Ta184 5.2
W186(n,2np)Ta184 7.1
W186(n,t)Ta184 11.0
W186(n,O)Ta184 3.5

Ta185 W186(n,np)Ta185 66.0
W186(n,d)Ta185 27.6
W186(n,O)Ta185 5.7

W181 W182(n,2n)W181 74.6
W183(n,3n)W181 17.4
W184(n,4n)W181 6.7

W185 W184(n,g)W185 4.4
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W186(n,2n)W185 58.8
W186(n,2n)W185m(IT)W185 35.8

W187 W186(n,g)W187 100.0

Table 68: NPI Řež pathways for tantalum using spectrum
rez DF

Product Pathway(s) %

Lu177m Ta181(n,O)Lu177m 5.1
Ta181(n,na)Lu177m 94.9

Lu177 Ta181(n,O)Lu177 2.7
Ta181(n,na)Lu177 97.3

Hf179n Ta181(n,2n)Ta180(b+)Hf180(n,O)Hf179n 72.8
Ta181(n,3n)Ta179(n,p)Hf179n 10.9
Ta181(n,np)Hf180(n,2n)Hf179n 2.9
Ta181(n,d)Hf180(n,2n)Hf179n 1.7
Ta181(n,np)Hf180m(n,2n)Hf179n 2.4
Ta181(n,p)Hf181(n,3n)Hf179n 3.0

Hf180m Ta181(n,O)Hf180m 5.7
Ta181(n,np)Hf180m 63.6
Ta181(n,d)Hf180m 30.5

Hf181 Ta181(n,p)Hf181 98.0
Ta181(n,O)Hf181 2.0

Ta178m Ta181(n,O)Ta178m 11.0
Ta181(n,4n)Ta178m 88.8

Ta180 Ta181(n,2n)Ta180 99.6

Ta182 Ta181(n,g)Ta182 61.3
Ta181(n,g)Ta182m(IT)Ta182 38.3

Table 69: NPI Řež pathways for chromium (long irradiation)
using spectrum rez DF

Product Pathway(s) %

Sc46 Cr50(n,O)Sc46 6.8
Cr50(n,pa)Sc46 80.2
Cr50(n,pa)Sc46m(IT)Sc46 11.9

Sc48 Cr52(n,pa)Sc48 86.2
Cr52(n,O)Sc48 13.8

V48 Cr50(n,nd)V48 15.1
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Cr50(n,2np)V48 54.0
Cr50(n,t)V48 12.7
Cr50(n,O)V48 18.3

Cr48 Cr50(n,3n)Cr48 74.5
Cr50(n,O)Cr48 25.5

Cr49 Cr50(n,2n)Cr49 98.2
Cr50(n,O)Cr49 1.8

Cr51 Cr52(n,2n)Cr51 97.5

Table 70: NPI Řež pathways for chromium (short irradiation)
using spectrum rez DF

Product Pathway(s) %

Sc48 Cr52(n,pa)Sc48 86.2
Cr52(n,O)Sc48 13.8

Ti51 Cr52(n,2p)Ti51 54.1
Cr52(n,O)Ti51 2.8
Cr53(n,h)Ti51 6.7
Cr54(n,a)Ti51 35.0

V52 Cr52(n,p)V52 88.1
Cr53(n,np)V52 9.9

V53 Cr53(n,p)V53 76.3
Cr54(n,np)V53 18.8
Cr54(n,d)V53 4.4

Cr48 Cr50(n,3n)Cr48 74.5
Cr50(n,O)Cr48 25.5

Cr49 Cr50(n,2n)Cr49 98.2
Cr50(n,O)Cr49 1.8

Cr51 Cr52(n,2n)Cr51 97.5
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Carlson1994.tot
Cennini2004.tot
Diakaki2013.tot

Garlea1984.tot
Garlea1992.tot

Gokhberg1959.tot
Goverdovskiy1995.tot

Grady1979.tot
Grundl1967.tot

Gul1986.tot
Henkel1952.tot

Iyer1969.tot
Jiacoletti1972.tot

Kalinin1958.tot
Klema1947.tot

Kobayashi1973.tot
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TENDL17 total
Adamchuk1955.tot

Adams1961.tot
Alkhazov1986.tot

Allen1957.tot
Anderson1945.tot

Auclair1979.tot
Barton1967.tot

Belyaev1970.tot
Berceanu1979A001.tot

Bergman1980.tot
Bergman1980A002.tot

Blons1973.tot
Bollinger1958.tot

Bollinger1958A001.tot
Bollinger1958A002.tot
Bollinger1958A003.tot
Bollinger1958A004.tot

Brooks1966.tot
Brooks1966A001.tot

Cance1978.tot
Chelnokov1972.tot
Czyzewski1966.tot

Davis1978.tot
Deruytter1972.tot
Deruytter1973.tot

Deruytter1973A001.tot
Dorofeev1957.tot
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TENDL17 total
Aleksandrov1983.tot

BudtzJorgensen1981.tot
Byers1966.tot
Cance1982.tot

Cance1982A001.tot
Dorofeev1957.tot
Eastwood1958.tot

Fomushkin1975.tot
Gul1986.tot

Henkel1957.tot
Hulet1956.tot
Kari1978.tot

Kazarinova1960.tot
Kazarinova1960A001.tot

Khan1980.tot
Laptev2007.tot

Laptev2007A001.tot
LeonardJr1956.tot
Meadows1981.tot
Migneco1968.tot

Mughabghab2006.tot
Perkin1965.tot

Ruddick1964.tot
Tovesson2009.tot

Weston1984.tot
White1967.tot
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TENDL17 total
Adamchuk1955.tot

Adamchuk1955A001.tot
Aleksandrov1983.tot

Blons1971.tot
Butler1961.tot

Gul1986.tot
Jaffey1955.tot
James1965.tot

James1965A001.tot
James1965A002.tot
James1965A003.tot
Kazarinova1960.tot

Kazarinova1960A001.tot
Khan1980.tot

LeonardJr1957.tot
LeonardJr1959.tot
Migneco1970.tot

Migneco1970A001.tot
Moore1964.tot

Moore1964A001.tot
Mughabghab2006.tot

Perkin1965.tot
Raffle1959.tot

Raffle1959A001.tot
Richmond1956.tot

Richmond1956A001.tot
Seppi1958.tot

Simpson1966.tot
Smith1962.tot
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Belloni2010.tot

Britt1979.tot
Butler1961.tot

Fomushkin1967.tot
Fomushkin1967A001.tot

Fomushkin1984.tot
Fursov1985.tot

Gavrilov1976.tot
Golovnya1994.tot

Hulet1957.tot
Kanda1987.tot

Kessedjian2012.tot
Kessedjian2012A001.tot
Kessedjian2012A002.tot
Kessedjian2012A003.tot
Kessedjian2012A004.tot
Kessedjian2012A005.tot

Knitter1988.tot
Kobayashi1999.tot

Kobayashi1999A001.tot
Kobayashi1999A002.tot

Laptev2007.tot
Laptev2007A001.tot

Manabe1988.tot
Mughabghab2006.tot

Seeger1970.tot
Seeger1970A001.tot
Seeger1970A002.tot
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