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Abstract

The inventory code Fispact-II, when connected to the nuclear data libraries TENDL-2015, ENDF/B-VII.1, JENDL-
4.0u or JEFF-3.2, forms a simulation platform for modelling activation, transmutation processes and simulating radiation
damage sources terms. The system has extended nuclear data forms, uncertainty quantification and propagation models
which have been the subject of recent validation efforts including inventory simulations, fission and fusion decay heat,
astrophysical nucleosynthesis. Summaries of key findings are presented and comments are made on the processes and
the impacts of the major nuclear data libraries.
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1. Introduction

Knowledge of the nuclide inventory of fission and fusion
reactor materials is essential for many applications. De-
pending on the time-scales involved, these range in fission
from fuel/cladding behaviour in cycle and loss-of-coolant
accidents (LOCAs) to waste classification and decommis-
sioning processes. For fusion, these data are required for a
variety of aspects including operation, maintenance plan-
ning, sensitive equipment damage and decommissioning.

The challenges of performing simulations for fusion are
tremendous: higher-energy neutron reactions, an inabil-
ity to pre-determine the reaction channels of importance
and limited nuclear data (of sufficient quality). This has
necessitated the creation of technological simulation tools
which handle all nuclides, decays, reaction channels, iso-
mers and tracks them with a code system designed to be
as general-purpose and flexible as possible. This challenge
has resulted in a powerful, modern code; Fispact-II[1],
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which can access any ENDF-6 formatted nuclear data and
generates a variety of un-engineered1 outputs.

Fispact-II is a direct replacement of the now obso-
lete FISPACT code, which was developed and maintained
for more than 20 years [2, 3, 4] at UKAEA, and was
itself based on the much earlier fission-orientated code
FISPIN [5]. That system became too cumbersome and
inflexible to adapt to the latest advances in nuclear physics
and nuclear data, prompting the development of Fispact-
II [6] over a number of years using modern, object-style
Fortran. The core of Fispact-II is the modern LSODE [7]
stiff-ode solver, which integrates the rate equations for-
ward in time. It also uses dynamical memory allocation
and so may be readily adapted to any energy group struc-
ture. It contains four major subsystems for handling (1)
nuclear data reduction, (2) assembling and solving the rate
equations for the inventory, (3) computing pathways and
uncertainties and (4) computing and outputting derived
radiological data.

The advantage of Fispact-II is that it is not burdened
by the compensations and restrictions of legacy codes.
The ability to access any nuclear data and follow any
target/reaction/decay on some 2809 targets and 3875 ra-
dionuclides (including all known isomeric states) allows
Fispact-II to simulate outside the proverbial box: fixed
fissile systems, limited fission yields and/or reactions on
the products, restrictions on incident particles, energies,
emitted data, targets, decay chains and of course fixed nu-
clear data. To build confidence in a relatively new, modern
code verification and validation is required. This has been
the subject of considerable effort at the UK Atomic Energy
Authority, resulting in a variety of V&V reports of which
fission and fusion decay heat and inventory simulations are
discussed in this paper.

2. Code Functionalities

2.1. Nuclear data reduction

The nuclear data forms provided for Fispact-II are
complex and include physics forms for a variety of sim-
ulations. In order to perform inventory and inventory-
derivative simulations, the nuclear data must be reduced
with incident particle, irradiation and material data into
forms suitable for use in the rate equations and responses.
This section describes these processes which form the foun-
dation for the subsequent sections.

2.1.1. Reaction collapse

Before performing time-dependent simulations, Fispact-
II must generate the one-group cross sections which will
be used to populate the rate equations. For this a user-
supplied incident-particle spectrum must be provided in

1As compared with industry-standard codes which (as is proper)
include many compensations to ensure accurate results irrespective
of limitations in nuclear data, technological barriers or lack of physics
knowledge.

one of the group structures for which nuclear data is avail-
able. Where the data is not in a compatible energy-group
structure, a group conversion can be performed by Fispact-
II.

The convolution of the incident particle spectrum φi
with the multi-group cross sections σi on some energy
group with N bins is defined as

σ̄ =

N∑
i

Wiσi , using weights Wi, (1)

Wi = φi/

N∑
i

φi. (2)

The code accommodates energy correlations within each
reaction channel, but is also designed to use cross-channel
correlations when the data becomes available,

Cov(σ̄µ, σ̄ν) =

N∑
i=1

N∑
j=1

WiWjCov(σµ, σν), (3)

for µ 6= ν with all reaction channels µ, ν. With the cur-
rently available nuclear data forms and uncertainty corre-
lations, the variance is given by

var(σ̄µ) = Cov(σ̄µ, σ̄µ) =

N∑
i,j=1

WiWjCov(σµ, σµ). (4)

These are then used to define the fractional uncertainties
in each cross section as

∆σ̄µ =
√
var(σ̄µ)/σ̄µ. (5)

These uncertainties are then used in the pathways-based
uncertainty, Monte-Carlo sensitivity-uncertainty and nu-
clide depletion uncertainty calculations, alongside the de-
cay and fission yield uncertainties.

Fispact-II can process the ENDF-6 NI-type covari-
ance data with LB=1, 5, 6 or 8. The covariance data
in ENDF files are stored in energy structures which in-
clude fewer bins than the multi-groups employed by the
Fispact-II cross section data. To map the covariance data
onto the cross sections a natural projection operator Ski is
used, as shown in Figure 1, where the i index represents
the energy group of the cross section, k represents the en-
ergy group of the covariance data and

Ski =

{
1 if bin i ∈ bin k
0 otherwise

. (6)

2.1.2. Decay processes

Fispact-II reads directly from the MF=8, MT=457 de-
cay data in the ENDF-6 format, considering 27 different
decay modes as summarised in Table 1. In decay pro-
cesses the ∆ values indicate the modification of the parent
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Figure 1: (Colour online) Projection operator Sk
i maps cross-section

energy bins to covariance energy bins. The shaded energy bins have
Sk
i = 1, and all others have Sk

i = 0.

nuclide, while additional secondary particles are also in-
troduced into the inventory calculation, including 1H and
4He. Spontaneous fission may be treated simply as a dis-
appearance of the parent, or fission yield data from MF=8,
MT=454 or MT=459 may be read from the provided nuclear
data libraries and used to track the inventories of these nu-
clides. Note that in some files the normalisation method
used to match the sum of partial decay pathways with a
well-known half-life is provided by the RTYP=10 ‘unknown’
channel.

Emitted particle spectra are essential for many applica-
tions with γ spectra being an important case. Fispact-II
reads the MF=8 MT=457 data for emitted energy informa-
tion, taking the following:

• decay heating – The average decay energies for
light particles, electromagnetic radiation and heavy
particles. These are used to calculate the beta, gamma
and alpha decay heat values.

• gamma spectra – The discrete line energies, in-
tensities and normalisation factors from STYP=0,9
are used to generate energy contributions which are
added into a corresponding bin of a multi-group struc-
ture.

For any of the available group structures in Fispact-II,
the product of the line intensity I, energy E and a nor-
malisation factor fd or fc are added to the energy group
containing E, for each of the lines available in the decay
data. Where there is no spectral data in the file, but av-
erage energy release values are provided, Fispact-II can
generate an approximated spectrum. This is necessary to
assess gamma responses, such as dose rate, which can-
not be calculated without some spectral information or an
equivalent approximation.

For the approximation, a maximum γ energy (Em) is
assumed based on the values of Table 2.

The intensity used to calculate the contribution in each
group of the spectrum is then

Ii =
a〈γ〉
Em

(
e−aηi−1 − e−aηi
1− (1 + a)e−a

)
, (7)

where ηi = Ei/Em and a is an arbitrary constant set to
14.

The bremsstrahlung radiation from high-energy β-decays
may also be significant, particularly where the total γ ac-
tivity is small. The method employed by Fispact-II is

based on the approach of Jarvis [8], but extended from
mono-energetic electrons to use the average from a contin-
uous spectrum and with an average nuclear charge from
the full isotopic material mixture.

2.1.3. Fission yields

Fission yields may be used for any nuclides with ENDF-
6 fission yield files. This includes neutron-induced fission
as well as spontaneous fission and charged-particle-induced
fission yields from protons, deuterons, alphas and γ-rays.
For particle-induced fission, the energy dependence of the
yields are determined from a projection operation similar
to that used in covariance projection, as shown in Figure 1.
For a particle-induced fission yield file with data for ener-
gies Ei, i ∈ [1, n], the group boundaries between different
energies are defined as the mid-points, for each group the
maximum energy for each fission yield group gi is:

Emax(gi) =
Ei+1 − Ei

2
∀i ∈ [1, n− 1] . (8)

The projection operator Sji of Equation 6 can then be ap-
plied from the cross section group index i of the incident-
particle spectrum onto the fission yield group j. The
weights for the fission yield are calculated using the energy-
dependent reaction rate weighting:

Wj =
1

φσ

N∑
i=1

Sji φiσi, where (9)

φσ =

N∑
i=1

φiσi. (10)

The spectrum-weighted fission yield for each nuclide, in-
dexed by µ, is then

Yµ =

n∑
j=1

WjYµ,j . (11)

Fispact-II can use either the independent or cumulative
fission yields from MF=8, MT=454 ot 459, respectively. The
set of fissile nuclides whose fissions are fully modelled with
the yields can be specified as any subset of the full range
(potentially more than 100 with GEFY).

2.1.4. Charged-particle irradiations

By keeping Fispact-II open to all ENDF-6 nuclear
data files, it naturally handles charged-particle-induced re-
actions and can be used to simulate charged-particle irra-
diation scenarios with all of the same code features used
in neutron irradiation. This requires the nuclear data for
charged-particle interactions, for which there are a few li-
braries to draw upon. TENDL provides complete data
for proton, deuteron, alpha and γ-ray incident reactions
and the most recent TENDL libraries are processed and
distributed with the standard code package.

Unlike at low energies, where individual channels such
as (z,p), (z,α), (z,γ), etc. are well defined, at high energies
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Table 1: Decay Types (MF=8, MT=457) recognised by the code. The column labelled ‘Code’ is the description used in output from Fispact-II,
NSEC is the number of secondaries and ‘Secs’ is an abbreviation for ‘Secondaries’.

IRT RTYP Description ∆Z ∆A Code NSEC Secs
1 1 β− decay 1 0 b- 0
2 2 β+ decay or electron capture −1 0 b+ 0
3 3 isomeric transition (IT) 0 0 IT 0
4 4 α decay −2 −4 a 1 4He
5 5 neutron emission 0 −1 n 0
6 6 spontaneous fission (SF) −999 −999 SF 0
7 7 proton emission −1 −1 p 1 1H
8 8 not used 0 0 0
9 9 not used 0 0 0

10 10 unknown 0 0 0
11 1.5 β− decay + neutron emission 1 −1 b-n 0
12 1.4 β− decay + α emission −1 −4 b-a 1 4He
13 2.4 β+ decay + α emission −3 −4 b+a 1 4He
14 2.7 β+ decay + proton emission −2 −1 b+p 1 1H
15 3.4 IT followed by α emission −2 −4 IT+a 1 4He
16 1.1 double β− decay 2 0 b-b- 0
17 1.6 β− decay followed by SF −999 −999 b-SF 0
18 7.7 double proton emission −2 −2 pp 2 1H 1H
19 2.2 double β+ or electron capture −2 0 b+b+ 0
20 1.55 β− and double neutron emission 1 −2 b-2n 0
21 1.555 β− and triple neutron emission 1 −3 b-3n 0
22 1.5555 β− and quadruple neutron emission 1 −4 b-4n 0
23 5.5 double neutron emission 0 −2 2n 0
24 5.55 triple neutron emission 0 −3 3n 0
25 2.77 β+ decay + double proton emission −3 −2 b+2p 2 1H 1H
26 2.777 β+ decay + triple proton emission −4 −3 b+3p 3 1H 1H 1H
27 2.6 β+ decay followed by SF −999 −999 b+SF 0

Table 2: Maximum γ energies for various decay modes.

Decay mode Em
β− 2〈β〉
β+ 5 MeV
α 0

Isomeric transition 〈γ〉

the distinguishing of channels such as (z,3n2p) from (z,nα)
or (n,2npd) is not meaningful from an inventory perspec-
tive (and not believable from a nuclear data perspective).
For all TENDL data above 30 MeV, including the neu-
tron and charged-particle files, the use of total (heavy and
light) residual production cross sections offers complete
information for the radionuclide yields from nuclear reac-
tions – the fundamental data for inventory calculations.
These include spallation-evaporation reactions and associ-
ated yields, as shown in the yields for 120Sn in Figure 2.
These are all processed as a (n,O) reactions by Fispact-II
and populate all of the residual production channels in the
rate equations.

2.2. Inventory calculation

Following the reduction of the nuclear data and user-
supplied irradiation conditions, Fispact-II builds the rate
equations [9]:

dNi
dt

=
∑
j

(λij + φ(t)σij)Nj , (12)

where

Ni = number of nuclide i at time t
φ = total projectile flux (cm−2s−1)

(for j 6= i):
λij = decay constant of nuclide j producing i (s−1)

σij = cross section for reactions on j producing i (cm2)

(for j = i):
λj = −λjj = total decay constant of nuclide j (s−1)

σj = −σjj = total cross section for j (cm2).
Cross sections and decays may include the full fission yields
if particle-induced and spontaneous fission are included.

The code execution sequence begins with a set of initial
physical conditions and then progresses through some irra-
diation or sequence of irradiation steps, followed by zero-
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Figure 2: TENDL-2015 total residual nuclide production cross sec-
tions from proton-induced reactions on 120Sn. Incident energies for
30, 70, 110 and 150 MeV are shown to demonstrate the range of
yields over 30-200 MeV.

flux cooling stages, outputting requested data throughout
the calculation.

2.2.1. Rate equation solution

Fispact-II uses the well-established LSODE solver [7,
10, 11] written at Lawrence Livermore Laboratory, wrap-
ping it within a modern Fortran module to dynamically
allocate arrays, but without any significant modifications
to the solver itself. LSODE uses backward differentiation,
known as Gear’s method, employing a series of solver-
internal timesteps. LSODE calculates the inventories Ni
and local error estimates ei for each of the X nuclides,
which are used to define a single error test value E

E =

(
1

X

X∑
i=1

ei
wi

)1/2

, where (13)

wi = rtol Ni + atol . (14)

The solution algorithm will finish when the criterion E ≤ 1
is met. The relative rtol and absolute atol tolerances
may be set by the user, allowing convergence tests for sen-
sitive simulations.

2.2.2. Multi-step irradiation

Fispact-II uses two normalisation methods, either through
user specification of the incident particle flux (in cm-2 s-1)
or through a volumetric power rating (in W cm-3). The
power normalisation uses the full kinetic energy release
per mass (KERMA) data from the nuclear data, with op-
tions to select total or any combination of partial KERMA
values (for example, fission, capture, absorption, inelastic,
etc.). Particularly in reactor simulations where the neu-
tron flux varies over time with a constant power rating, the
use of power normalisation is not only more simple, but
necessary when reactor simulations are separated by many
MWd per tonne. To maintain a constant power normalisa-
tion, the use of built-in steped irradiation scenarios allows
the user to renormalise on a specified set of time-steps.

Besides normalisation alterations during the simula-
tion, the incident particle spectrum may be modified with
a recalculation of the particle-induced cross sections, self-
shielding factors, fission yield weightings and the corre-
sponding changes to the secondary data such as KERMA.
This allows the power normalisation to be fit to a fully
time-dependent set of spectra and material composition,
with the associated changes in self-shielding and KERMA.
Cooling-only simulation and multi-projectile simulation may
also be performed.

2.3. Self-shielding corrections

Fispact-II provides two methods for resonance self-
shielding corrections, through the probability table (PT)
methods provided by CALENDF-generated PTs for each
of the multi-group nuclear data libraries or the ‘Universal
Curve Model’ for geometry-specific self-shielding in thin
and thick targets.
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2.3.1. Probability tables

Keywords in the Fispact-II input file may be used
to cause probability table sub-group data generated by
CALENDF [12, 13] to be used to model dilution effects in
the computation of the collapsed effective cross sections.
CALENDF [14] provides data in five sets of macro-partial
cross sections; the CALENDF set macro-MT numbers (cal-
mt) are defined in Table 3. The sum of these macro-partial
cross sections gives the total cross section in each energy
group over the resonance regions covered.

Table 3: CALENDF macro-MT number.

cal-mt Description MT in set
2 elastic scattering 2

101 absorption 102 103 107
(no outgoing neutron)

18 fission total 18
4 inelastic scattering 4 11

(emitting one neutron)
15 multiple neutron production 5 16 17 37

(excluding fission)

The data provided by CALENDF are effective cross-
section σ and probability values P depending on four pa-
rameters:

σ(x, n) ≡ σ(p, g, x, n) (15)

P (x, n) ≡ P (p, g, x, n) , (16)

where
p = parent nuclide number,
g = energy group number,
x = macro-partial (or total) index, and
n = quadrature index.

In the expressions below, we suppress the explicit dis-
play of dependence of cross section on the parent nuclide
p and energy group g except in the formulae for dilution.
The infinite dilution (d = ∞) cross section for a given
parent, energy group and component is

σ(x, d =∞) =
1

Emax − Emin

∫ Emax

Emin

σ(E) dE

=

N∑
n=1

P (x, n)σ(x, n) . (17)

When a nuclide is a part of a homogenous mixture of nu-
clides, then the effective cross sections in the resonance
regions are reduced, and are parameterised using the dilu-
tion cross section d [15, 16, 17, 12]:

σ(x, d) =

∑N
n=1 P (x, n)σ(x, n)/(σt(n) + d)∑N

n=1 P (x, n)/(σt(n) + d)
, (18)

where the total cross section is given by the sum of the
macro-partials:

σt(n) =

X∑
x=1

σ(x, n) . (19)

The total cross section for nuclide p in energy group g
at dilution d is given by

σtot(d) =

X∑
x=1

σ(x, dp) . (20)

The probability table data from CALENDF are used
in conjunction with the 709 and 1102 group data in the
ENDF-6 libraries. In the following discussion, we use the
term ‘library’ or ‘LIB’ to refer to either the TENDL or
alternative ENDF-6 forms as appropriate. The dilution
computed using the CALENDF data is applied either as
scaling factors to the library cross-section data or as re-
placements over the energy ranges for which the probabil-
ity table data are available. The scaling or replacement
approach partial or total scaling may be selected by user
input.

Scaling applied to LIB data:. Scaling is applied to the li-
brary data in one of two ways depending on user input.
If the partial self-shielding scaling factor option is chosen,
then the cross section for nuclide p in energy group g and
for MT value y belonging to the macro-partial group x is
scaled according to

σnew (y, d) = σLIB (y)

(
σ(x, d)

σ(x, d =∞)

)
(21)

and for the total scaling factor

σnew (y, d) = σLIB (y)

(
σtot(d)

σtot(d =∞)

)
. (22)

The dilution d(p, g) for a given nuclide p and energy
group g is computed using a weighted sum over all the nu-
clides, q ∈ [1, Q] in the mixture. The fraction of nuclide q
in the mixture is fq. Nuclides in the mixture may or may
not be included in the list of nuclides to which the self-
shielding correction is to be applied. Nuclides to which
self-shielding corrections are applied must be in the mix-
ture list. The first approximation is given using the total
cross sections from the cross-section library:

d(0)(p, g) =

Q∑
q=1

p 6=q

fqσ
LIB−tot(q, g)

fp
, (23)

where
σLIB−tot(p, g) =

∑
y

σLIB (p, g, y) . (24)

Over the energy range for which the probability ta-
ble data are available for those nuclides in the mixture
for which self-shielding corrections are being applied, the
approximation given by Equation 23 is iteratively refined

6



using

S(i)(g) =

Q∑
q=1

fqσ
LIB−tot(q, g)×

(
σtot(q, g, d(i)(q, g))

σtot(q, g,∞)

)
(25)

d(i+1)(p, g) =
S(i)(g)

fp
− σLIB−tot(p, g)×(

σtot(p, g, d(i)(p, g))

σtot(p, g,∞)

)
. (26)

Replacement of LIB data:. If there is only one reaction
MT in the CALENDF macro-partial group, then the re-
placement formulae would be given by replacing the σLIB

values in the above equations by the infinite dilution cross
sections obtained from the CALENDF data. When there
is more than one reaction in the macro-partial set, then
the dilution effect has to be apportioned according to the
LIB reaction cross sections.

If the partial self-shielding scaling factor option is cho-
sen, then the cross section for nuclide p in energy group g
and for MT value y belonging to the macro-partial group x
is given by

σnew (y, dp) = σ(x, dp)

(
σLIB (y)∑

y′∈x σ
LIB (y′)

)
(27)

and for the total scaling factor

σnew (y, dp) = σ(x,∞)

(
σLIB (y)∑

y′∈x σ
LIB (y′)

)
×(

σtot(dp)

σtot(∞)

)
. (28)

The initial values of the dilutions are given by Equa-
tions 23 and 24 and the iterative refinements where CAL-
ENDF probability table data are available are given by

S(i)(g) =

Q∑
q=1

fqσ
tot(q, g, d(i)(q, g)) (29)

d(i+1)(p, g) =
S(i)(g)

fp
− σtot(p, g, d(i)

p ) . (30)

The set of nuclides for which the self-shielding correc-
tion is calculated and the set of nuclides included in the
mixture for computing the dilution cross section is spec-
ified user input. User input also allows the values of di-
lution given by Equation 26 or 30 to be overridden by
user-supplied dilution values.

The default method of computing self-shielding using
the probability table method is to use Equations 23 and 24
for initial values, Equation 27 for cross section and iterate
dilution using Equations 29 and 30. When the iteration is
complete, the new collapsed cross sections are computed

by applying the ssf to produce the effective cross sec-
tions. The effective self-shielding factor ssf for the col-
lapsed cross section is given by

ssf(p, y) =
σnew(p, y)

σLIB(p, y)
. (31)

The self-shielding factors may be applied wherever prob-
ability table data is provided and can be used to correct
specific sets of reaction rates for desired nuclides, for ex-
ample the energy-dependent self-shielding factors applied
to the 238U neutron capture in a typical PWR spectrum
and fresh fuel composition, which is shown in Figure 3.
These can be updated during irradiation, accommodating
changes in both nuclide inventory and spectra to alter the
dilutions and reaction rates, respectively.
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Figure 3: (Colour online) Neutron spectrum, the unshielded 238U(n,
γ) cross section and the energy-dependent probability table self-
shielding factors calculated for the fresh fuel composition in Fispact-
IIusing ENDF/B-VII.1. Global and zoomed-in plots are provided.
The integrated self-shielding factor for this cross section is 0.18.

2.3.2. Universal Curve Model

Fispact-II provides a second method of accounting for
self shielding in thin/thick targets with a variety of geome-
tries. This can be used as an alternative to the probabil-
ity table method described in the previous section which
is appropriate for geometry relevant self-shielding effects.
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It is not possible to use both descriptions of self shielding
simultaneously.

In a series of papers [18, 19, 20], the authors Mart-
inho, Gonçalves and Salgado described a “universal sig-
moid curve” model of self shielding to account for the re-
duction of the neutron flux by cross section resonances in
the context of neutron activation analysis. They based
their development on earlier experimental and theoretical
work by Baumann [21].

The Martinho et al [18] model initially described the ef-
fect of a single resonance peak in a pure target consisting of
a single nuclide. The self-shielding factor Gres is approxi-
mated as a simple function of a single dimensionless length
parameter that depends on the physical size and shape of
the target as well as the peak cross section at the reso-
nance and the resonance widths for elastic scattering and
radiative capture. The final form of the model [20] accom-
modates a group of isolated resonances of a pure target,
and the target geometry could be a foil, wire, sphere or
cylinder of finite height. This model has been generalised
further and applied to the mixture of nuclides required for
a Fispact-II calculation.

Fispact-II user input invokes this model of self shield-
ing and defines the type and dimensions of the target, as
detailed in Table 4.

Table 4: Target geometry recognised by Fispact-II.

ID Type Dimension(s) Effective length (y)
1 foil thickness (t) y = 1.5t
2 wire radius (r) y = 2r
3 sphere radius (r) y = r
4 cylinder radius (r), height (h) y = 1.65rh/(r + h)

The initial form of the model [18] that accounts for the
effect of a single resonance in a pure target containing a
single nuclide defines a dimensionless parameter,

z = Σtot(Eres)y

√
Γγ
Γ
, (32)

that depends on the physical length y, the macroscopic
cross section Σtot(Eres) at the energy Eres of the resonance
peak, the resonance width Γγ for radiative capture and the
total resonance width Γ. Then the self-shielding factor is

Gres(z) =
A1 −A2

1 + (z/z0)p
+A2 (33)

where the parameters defining this “universal sigmoid curve”
are

A1 = 1.000± 0.005 , (34)

A2 = 0.060± 0.011 , (35)

z0 = 2.70± 0.09 , (36)

p = 0.82± 0.02 . (37)

These parameters were determined empirically by Mar-
tinho et al [18] by fitting to a set of points generated by

performing Monte-Carlo simulations with the MCNP code
for a variety of targets of different shapes, sizes and com-
positions. Six nuclides that exhibit strong resonances were
used individually, not as mixtures.

The model was then extended by Martinho et al [19],
who defined an effective length y for cylinders of finite
height, but a more significant extension was provided by
Salgado et al [20], who defined an average 〈Gres〉 by as-
signing weights to each resonance and forming an average
of the individual Gres factors calculated for each resonance
individually. The weight of resonance i is

wi =

(
Γγ
E2
res

· gΓn
Γ

)
i

, (38)

where

Γn is the neutron scattering width;

g is the statistical factor, (2J + 1)/(2(2I + 1));

J is the spin of the resonance state;

I is the spin of the target nucleus.

Then the effective self-shielding factor is

〈Gres〉 =

∑
i wiGres(zi)∑

i wi
. (39)

where each zi is calculated from Eq. 32 using the effective
length of the target, y and the resonance parameters for
resonance i.

This model has been generalised further in two ways
to make it suitable for application in Fispact-II. First,
the average self-shielding factor is computed from the res-
onance parameters given in the resolved resonance range
defined in the ENDF-6 MF=2 data for a subset of the nu-
clides selected by user input. It is assumed that the reso-
nances for the mixture of nuclides are separated in energy
sufficiently for them not to overlap significantly.

Note that the TENDL data use a unique approach to
create parameters for resolved statistical resonances for
a large number of isotopes that did not have any. This
method invokes global average parameters from the differ-
ent systematics and from the TALYS reaction code [22].
These parameters are then used by either the CALENDF
code or by the R-matrix code AVEFIT. Statistical reso-
nance parameters are then obtained from zero up to the
first excited level, reflecting the average resonance param-
eters coming from compound model calculations. Above
the first inelastic level, grouped inelastic cross sections
with local fluctuations are obtained. This method comple-
ments the measured resonance parameters, or provides a
resolved resonance range when measurements do not exist.
In between these two cases, statistical resonance parame-
ters are adjusted to integral measurements when available.
This method, which has been successfully applied to all
isotopes living longer than one second, has been used to
populate the resonance ranges of the TENDL libraries [23].

The cross section at a resonance peak is not supplied
in the ENDF data. The simple expression provided by
Fröhner [Eq. (186)][24] is used to supply this information.
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Secondly, 〈Gres〉 is made energy dependent by tak-
ing averages separately for each energy bin used for the
group-wise cross sections, including only those resonances
with peaks in the relevant energy bin. Then this array of
energy-dependent self-shielding factors is applied to each
energy-dependent cross section before the cross section col-
lapse.

The principle underlying this model of self shielding
is that the resonances perturb the spectrum of the ap-
plied neutron flux. Consequently, the self shielding factors
should modify the cross sections for all reactions. However,
the effect of self shielding varies from reaction to reaction
because of the differing energy dependencies of the cross
sections.

2.4. Uncertainty quantification and propagation

Uncertainty quantification and propagation are han-
dled through three different methods within the Fispact-
II code, including pathways-based metrics, depletion and
Monte-Carlo sensitivity uncertainty. These have been com-
plemented by Total Monte-Carlo sampling methods using
GEF-based fission yields and parameter-perturbed TENDL
[25, 26].

2.4.1. Pathways-based uncertainty

The default uncertainty method within Fispact-II utilised
a novel pathway algorithm [27] to identify each combina-
tion of reactions and/or decays which lead from the initial
material inventory to any of the nuclides produced through
irradiation. The uncertainties in each pathway are calcu-
lated from the combination of uncertainties in each reac-
tion rate and half-life.

For all of the inventory-derived quantities Q which in-
clude contributions from multiple nuclides with individual
quantities qi, the total Q =

∑
i qi has an uncertainty

(∆Q)2 =
∑
i

(
∆Ni
Ni

)2

q2
i . (40)

For each of the nuclide produced in the irradiation, Fispact-
II performs a search for all pathways which lead to the pro-
duction of that nuclide. For each element p of the set of
these pathways p, there exists some chain of nuclides con-
nected by R reactions and D decays. The uncertainties in
these are given by the fractional uncertainties calculated
from covariance collapse ∆σ, as in Equation 5 and the
fractional uncertainties of half-lives ∆τ . The uncertainty
of each pathway is calculated as(

∆Ni,p
Ni,p

)2

=
∑
r∈p

(
∆σr
σr

)2

+
∑
d∈p

(
∆τd
τd

)2

(41)

and the total uncertainty is then

(∆Ni)
2

=
∑
p∈p

(∆Ni,p)
2
. (42)

These uncertainties are printed for all dominant nuclides
and used for the calculation of response uncertainties in
Equation 40. Multi-pulse irradiations are handled by re-
placing the reaction uncertainties by pulse-averaged val-
ues. Fispact-II is engineered to accommodate channel-
channel and fission yield covariances, although at present
the nuclear data forms available do not include the re-
quired information.

2.4.2. Depletion uncertainty

A new functionality for uncertainty quantification in
nuclide depletion has been added after the 3-10 code ver-
sion. While pathways-based uncertainty handles the pro-
duction of radionuclides for the purposes of quantifying
uncertainty in radiological quantities, the uncertainty in
the depletion of any nuclide – whether through reactions
or decays – adds an additional contribution to uncertainty
propagation. In comparison with the myriad of possible
pathways which produce a nuclide, the depletion occurs
only through an easily classed subset of reactions which
are precisely the negative diagonal terms of the rate equa-
tion matrix.

A nuclide generally may have some combination of cre-
ation and destruction,

dN

dt
= −DN + C, (43)

where D is a specific rate while C is a rate of creation, i.e.
units of s-1 and atoms/s, respectively. While C typically
depends on a many quantities including potentially many
inventories, decays and reactions, it can be determined
by direct reference to the rate equation solutions and the
depletion term.

The creation terms in turn have their own associated
uncertainties and are the subject of the pathways-based
uncertainty analysis in Fispact-II. To address the deple-
tion uncertainty, Fispact-IIconsiders three variables with
their uncertainties:

λ = total decay rate for the target nuclide

Φ = flux amplitude

σ = total non-scattering cross-section

The depletion specific rate D = λ + Φσ, so using the
standard identities for variance of sums or products of ran-
dom variables we obtain:

var(D) = var(λ) + Φ2var(σ) + σ2var(Φ)

+var(σ)var(Φ). (44)

Fispact-IIcalculates the fractional uncertainties for half-
lives, ∆λ, and for collapsed cross sections, ∆σ, which are
defined as ∆X =

√
var(X)/X. The estimator for the

fractional error in the specific rate D is therefore:

∆D =
1

D

√
(λ∆λ)2 + (σΦ)2(∆σ

2 + ∆Φ
2 + ∆σ∆Φ). (45)
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While Fispact-II is designed to accommodate the uncer-
tainties (including covariances) of incident particle spectra,
the current implementation only considers uncertainties in
the total flux. Note that a complete covariance treatment
of the reaction rate due to cross section energy correlations
is implemented, i.e. for a reaction rate R we sum over all
energy groups:

var(R) =
∑
i

∑
j

φiφjcov(σi, σj). (46)

Fispact-II outputs the specific depletion rate as well as
the percent uncertainty from the equations above. These
are also given as a depletion rate using the initial nuclide
inventory for each step, as well as a first-order integrated
value for the depletion and its uncertainty as a fraction of
the final inventory. Note that this is the integrated uncer-
tainty (in atoms) of depletion, which will grow (unbound)
monotonically as a percent in pure depletion cases.

In scenarios where a nuclide may be both created and
depleted - for example plutonium in a fission reactor, mi-
nor actinides, fission products, etc., a combination of both
depletion and breeding uncertainties are required. To avoid
the complexities and expense of full Monte-Carlo sensitivity-
uncertainty analyses, Fispact-II can be used to calculate
depletion and breeding rates with uncertainties. These can
be coupled with multiple different approximations. For ex-
ample, the simplified piece-wise constant equations for a
target nuclide of Eq. 43.

If we assume that these terms are constant over the
time interval, the solution for this simplified differential
equation is simply

Ni+1 =
Ci
Di

+

(
Ni −

Ci
Di

)
exp (−Di∆ti) , (47)

and the first order Taylor expansion of the propagated
uncertainty yields:

∆Ni+1
2 =

(
∂Ni+1

∂Di

)2

∆Di
2 +

(
∂Ni+1

∂Ci

)2

∆Ci
2. (48)

provides an uncertainty estimate. These methods have
been tested with Fispact-II to generate coupled uncer-
tainties in simulated actinide inventories for fission fuels,
as in Fig. 4. These rely upon complete uncertainty data,
including the resolved resonance ranges, which are still in-
complete in the current nuclear data sets.

2.4.3. Monte-Carlo sensitivity-uncertainty

Fispact-II contains a Monte-Carlo sampling system
for sensitivity-uncertainty analyses. Using a set of inde-
pendent variables which are cross sections σi or half-lives
τi, with their associated distributions, means and first mo-
ments, Fispact-II will perform a series of inventory cal-
culations with sampled values for those independent vari-
ables. From these sampled calculations, targeted responses
variables Qi, which may include nuclide inventories or re-
sponses. Energy covariances within each reaction rate are
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Figure 4: (Colour online) Coupled breeding-depletion uncertainty
analysis of Am242m inventory in a PWR MOX spectrum with con-
stant neutron flux of 1.0E+14 n cm-2 s-1. The DEPLETION un-
certainty is constant for this single incident particle spectrum sim-
ulation, while breeding paths and their combined uncertainties are
time-dependent.

handled by the nuclear data collapse and incorporated into
the distributions of the cross sections, but channel to chan-
nel correlations can be handled as well. This is handled
by calculating a similarity transform to diagonalise the
channel-to-channel covariance matrix and sample from the
diagonal variables and their distributions.

Distributions may be selected from log-normal (default),
normal, uniform or log-uniform. The calculations can be
performed with any combination of irradiation scenarios
allowable within Fispact-II and in all calculations the
Pearson correlation coefficients between the independent
and dependent variables are calculated and output.

2.5. Primary damage response functions or PKAs

While the core functionality of Fispact-II is still guided
by nuclear (fusion or fission) operational, maintenance plan-
ning, decommissioning, and waste concerns, which nec-
essarily requires accurate predictions of radiological re-
sponses, the Fispact-II team is also mindful of oppor-
tunities to exploit the Fispact-II infrastructure to pro-
vide useful data for other communities. This has already
led to the Fispact-II output including gas production,
kerma, and displacement-per-atom (dpa) values for every
irradiation step, as well as the time evolution in the full
nuclide and elemental breakdown of the material compo-
sition. These aspects are particularly important to nu-
clear materials modelling and design efforts, where the be-
haviour changes of both functional and structural materi-
als under irradiation must be understood in detail. How-
ever, it is possible to provide even more information to
materials damage modelling, and use the Fispact-II sys-
tem to evaluate primary damage response functions.

A new sub-program within the Fispact-II system, called
SPECTRA-PKA [28], has recently been prototyped and devel-
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oped. By folding reprocessed (through the groupr routine
of NJOY [29]) nuclear data in the form of recoil cross sec-
tion matrices (see section 3.7) with an incident particle
spectrum, SPECTRA-PKA will, for any nuclide composition,
calculate the primary damage response in the form of pri-
mary knock-on atom (PKA) spectra for each nuclear re-
action channel. It also outputs summed distributions as
a function of recoiling species (heavy isotope, secondary-
emitted gas particle, or element). Such distributions can
be used as input to atomistic simulations – e.g. as sam-
pling distributions to define the rate and energy of dam-
age cascade events. Full details of the methodology in
SPECTRA-PKA is given in [28, 30].

Figure 5 shows the results obtained from SPECTRA-PKA

when a typical PWR neutron spectrum is folded with the
neutron-induced recoil cross section matrices for TENDL-
2015 for the nuclides present in a typical “as manufac-
tured” composition of Inconel-718 (17.7 atm.%Fe, 19.0%
Cr, 52.5% Ni, 3.0% M0, 5.1% Nb, 1.0% Ti, and other mi-
nor impurities including Mn, Si, Al, Cu). The plot shows
the elemental results – i.e. where the recoils of different
isotopes of the same element have been summed together
into one PKA distribution. The figure demonstrates that
it is not merely the input elements (highlighted in the
figure legend) that make up the recoiling species under
neutron bombardment, but rather that these are supple-
mented by PKAs of elements produced via direct trans-
mutation nuclear reactions. This is confirmed by the even
more complex picture at the isotope level, shown in fig-
ure 6, where the recoils of isotopes present in the starting
material (again highlighted in red in the figure legend)
only comprise around half of the total number of recoiling
nuclides. Even more startling is that this is the zero-time
picture, i.e. before the composition has been altered by nu-
clear transmutations. Within the Fispact-II system it is
readily possible to explore the change in the picture shown
in figures 5 and 6 after a period of irradiation, by simply
feeding the evolved nuclide composition into SPECTRA-PKA.
Such an exercise in this Inconel-in-PWR case would result
in the number of PKA species expanding with time, as nu-
clides are produced by transmutation and decay, thereby
becoming targets for further damage events as the irradi-
ation continues.

Note that in figures 5 and 6, it is nonetheless the case
that the major constituents of Inconel-718, either by ele-
ment (Ni, Fe, Cr) or isotope (58Ni, 60Ni, 56Fe, etc.), do
contribute the majority of the highest PKA rates at all
recoil energies. This is due to the dominance (high cross
sections) of the simple elastic and inelastic scattering reac-
tions, which do not alter the impacted nuclide. The figures
also show the potential importance of the recoiling sec-
ondary emitted (gas) particles, particularly protons and
α-particles. The light species typically recoil with much
higher energies that the main heavy recoil produced via,
for example (n, p) and (n, α) reactions, and, despite their
low mass, should therefore by considered carefully in dam-
age creation modelling.

Figure 5: (Colour online) The primary damage state of Inconel-
718 exposed to the typical neutron spectrum experienced in a PWR
reactor. The curves represent the zero-time rates of primary knock-
on atoms (PKAs) as a function of energy – summed by element – that
would be produced in the material the instant the neutron exposure
began. Elements already present in the Inconel are highlighted in
italic red in the legend.

Figure 6: (Colour online) The primary damage state of Inconel-
718 exposed to the typical neutron spectrum experienced in a PWR
reactor. The curves represent the zero-time rates of PKAs as a func-
tion of energy – summed by isotope – that would be produced in the
material the instant the neutron exposure began. Isotopes present
in the Inconel before exposure are highlighted in italic red in the
legend.
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3. Nuclear Data Libraries

The new code system has benefited from the matu-
ration of modern nuclear data libraries, now expected to
include a full set of variance-covariance information and
the amalgamation of the capabilities of the most recent re-
lease of three processing codes PREPRO, NJOY and CAL-
ENDF. Although the nuclear data forms available to the
FISPACT-II inventory code are complete and complex in
nature they mainly rely on an ENDF-6 format frame struc-
ture and this tremendously simplifies all further utilitar-
ian operations such as plotting, comparison, concatenation
and data manipulation in general. The nuclear data forms
encompass group cross-sections (fine 660 group structure
below 30 MeV and a 1102 extension of the CASMO-586
group), resonance parameters with covariance, probability
tables, recoil daughter and emitted particle spectra matri-
ces, spontaneous and particle-induced fission yields, and
decay data, as well as biological, clearance and transport
indices. The major libraries drawn upon for the FISPACT-
II system are:

• ENDF/B-VII.1 [31] American general-purpose li-
brary containing nFY and decay files

• JENDL-4.0u [32] Japanese general-purpose library
containing nFY and decay files

• JEFF-3.2/3.1.1 [33] European general-purpose li-
brary containing nFY and decay files

• TENDL-2015 [22, 34] General-purpose libraries for
5 incident particles and all targets with t1/2>1s. Pro-
duced with the T6, TALYS-based code package [35].

• GEFY-5.2[36, 37] Centre d’études nucléaires de Bor-
deaux Gradignan GEF-based fission-fragment yield
library, where each file includes data for 59 incident
energies from 0.0253 eV to 30 MeV.

• UKDD-16 UKAEA decay data file built from EAF-
2007 decay data [38] with inclusion of some updates
and an increased set of short-lived nuclides to cover
further TENDL radioactive targets and daughter nu-
clides

These data libraries vary in content, with the majority
containing only a subset of the possible reaction channels,
variance-covariance data, emitted particle double differen-
tial, etc. While there are many metrics to compare these
libraries, various tables in the following sections summarise
the number of incident-neutron, decay and fission yield
files from the major libraries.

3.1. Cross section group structure

There are three standard group structures in the ENDF-
6 format used for the TENDL, ENDF/B.VII.1, JENDL-
4.0, CENDL-3.1 and JEFF-3.2 nuclear libraries. Data in

these structures can be read automatically into Fispact-
II and used to collapse with an incident particle spectrum
in the corresponding structure.

Each possesses a fine energy grid, an increased upper
energy bound of 1 GeV, and allow the addition of α and
γ-induced reactions while permitting more precise mod-
elling of reaction thresholds and the resolved and unre-
solved resonance ranges. These groups are the CCFE-162
(charged particles), CCFE 709 (TART-660 extension) and
the UKAEA-1102 (an amalgamation of CASMO, TART
and UKAEA fast group structures).

The group structures for the UKAEA-1102 and its pre-
decessors are shown in Fig. 7, depicted in equal energy bin
width, lethargy and cumulative number of energy groups.
These illustrate which energy ranges are targeted by each
structure and will therefore give an accurate representa-
tion of the reaction rates.

The CCFE-162 (up to 200 MeV) structure was in-
troduced for studies of charged-particle projectiles and
γ-induced activation and transmutation. This structure
includes all legacy ones known to the author, because
past limitations of computing resources are no longer a
consideration justifying simpler energy structures. The
CCFE (709 up to 200 MeV and 660 up to 30 MeV) group
structures are extensions of the LLNL (616 up to 20 MeV)
structure. They have 50 tally bins per energy decade,
equally spaced in the logarithm of the energy between
10−5 eV and 10 MeV, 200 keV steps to 30 MeV and there-
after bins with appropriately chosen equally-spaced bound-
aries in energy up to 1 GeV. The UKAEA 1102-group
structure is the culmination of extensions of the state of
the art thermal fission CASMO (586), the fast LLNL (616)
and the fast CCFE (709) structures pushed to 1 GeV.
Each specific feature of those three grids have been com-
bined into one single structure: the UKAEA 1102-group
structure depicted in Fig. 8.

The generation of reaction rates with multi-group con-
volution of binned fluxes with cross-sections has always
been the subject of intense research in order to satisfy the
specific requirements of one application at a time. Recent
studies [39, 40] have demonstrated that the fine CCFE-709
and a fortiori the UKAEA-1102 group structure have been
optimised to comprehensively cover most applications.

3.2. Particle-induced reaction data

Fispact-II accommodates a range of nuclear reaction
data forms, including induced-reaction cross sections for
multiple incident particles, for example, but not limited
to TENDL-2015, ENDF/B-VII.1, JEFF-3.2, JENDL-4.0u
and CENDL-3.1 nuclear data libraries processed into a
fine-group structure. The recommended cross section data
libraries for Fispact-II are the TENDL ENDF-style forms,
mainly because they have the ability to provide the most
complete datasets and forms including variance and covari-
ance information. Those libraries have been the subject of
a wide range of verification and validation processes.
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Figure 7: (Colour online) Energy group structure for the TART-
660, CASMO-586 and UKAEA-1102 group structures. Three plots,
from top to bottom, show the (1) energy bin width, (2) cumulative
number of energy groups and (3) lethargy bin width as a function of
incident particle energy.

The enhanced cross section and data forms for Fispact-
II are entirely ENDF-6 compliant in nature and are more
robust, complete and more exploitable with regard to any
application than the raw data they are derived from. The
MF (files) and MT (channels) legacy ENDF-6 infrastructure
dictionary is kept and processed, but also complemented
when needed. Derived, reconstructed MTs are added: such
as partial gas production, total and partial kerma and dpa,
complete isomeric channel partial cross sections properly
parsed and stored in MF=10, as are the light particle (A<4)
and heavier radionuclide production cross sections at high
energy, above 30 MeV, in a comprehensive MF=10, MT=5
description that details the production cross sections for
up to 200 daughter radionuclides.

Cross-section and probability tables are given for three
reactor temperatures in the Kelvin range. Two astro-
physics temperatures in the keV range are also given for
the major libraries.

It should be noted that the full MF=2, MT=152 data
are kept in their original state in the processed file to be
used when requested by Fispact-II’s self-shielding key-
word. PKA matrices for the heavy recoils and the light
particles are also given for all the stable nuclei in the same
660 up to 30 MeV group structures.

Variance and covariance data are also processed di-
rectly with Fispact-II but then only if they exist in part
or in full in the original evaluation and library. Only
TENDL systematically and uniformly contains such infor-
mation. All the libraries are for neutron-induced reactions,
but TENDL also provides α, γ, proton and deuteron-
induced datasets, ENDF/B-VII.1 provides γ-induced re-
actions and JENDL-4 also provides a set of high-energy
proton, neutron and a few α-induced evaluations.

Each library has its own tree-based directory structure
that contains files for single nuclides, named after the iso-
tope they refer to. Such simple storage infrastructure gives
robustness, efficiency and flexibility.

3.3. Processing methods

The NJOY processing system is widely used to convert
evaluated files into forms of interest for numerous practi-
cal applications. Many reactor analysis, criticality safety,
radiation shielding, inventory simulation codes rely on its
powerful processing capabilities to provide their (often spe-
cialised) nuclear data forms. Uniquely, in addition to the
processing of cross sections, angular distributions, emitted
spectra and other nuclear observables, NJOY can be used
to process:

• gas production reactions: gaspr;

• heat production cross sections: heatr;

• displacement cross sections: heatr;

• charged particle and recoil energy group-to-group
matrices: groupr (see section 3.7).
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Figure 8: (Colour online) UKAEA-1102 group structure description.
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Table 5: Summary of nuclear data forms supplied in the standard Fispact-II distribution.

Library Number of Variance and Number of Temperatures PKA matrices
name target nuclides covariance nuclides with

probability tables
TENDL-2015 2809 All 2601 293.6 K 600 K 900 K 5 keV 30 keV Yes

ENDF/B-VII.1 423 190 268 293.6 K 600 K Yes
JENDL-4.0u 406 Few 292 293.6 K 600 K Yes

JEFF-3.2 472 Few 0 293.6 K 600 K No
CENDL-3.1 239 Few 0 293.6 K No

Application forms for Fispact-II include all the above.
The first three, once generated in the specific NJOY point-
wise format are extracted and seamlessly embedded into
the PREPRO pointwise infrastructure for proper integra-
tion and further processing.

The charged ”light” particle (A≤4) and ”heavy” resid-
ual nucleus (A>4) recoil group-to-group matrices are also
produced from the groupr module of NJOY in the same
fine group structure as for the cross section for each evalu-
ation. Those can then be folded, isotope by isotope, with
any neutron spectrum to provide materials science appli-
cations with the recoil energies information they need at
an elemental level. However, this type of practical infor-
mation form is satisfactory only if the original evaluation
is complete and fully populated. Older evaluations pro-
duced specifically for fission reactor physics applications
may be inadequate in this respect.

NJOY can also be used to process some parts of the
variance and covariance information, however in the case
of Fispact-II requirements it has been necessary to con-
sider a specific development in order to be able to master
the full complexity of the data streams necessary to an
inventory code. As described in Section 2.1.1 a projection
operator maps the cross-section energy bins to the covari-
ance energy bins.

The PREPROcessing codes are designed to pre-process
ENDF-6 formatted data into forms useful for applications.
PREPRO is a modular set currently comprising 18 mod-
ules each designed to perform one or more independent op-
erations, that are used in a given sequence. Raw ENDF-6
data files need to have resonance parameters interpreted
for cross sections to be constructed, Doppler broadened,
thinned and linearised to the desired temperature, with
isomeric branching ratio applied when necessary, before
being in a form usable for applications.

The recent release of PREPRO-2015 consists of an im-
portant modernisation of all codes, following the latest
requirements linked to the ENDF-6 format, specifically:
portability, level of precision and latest Fortran. It also
comes with a set of “best input parameters” that allows
safe but robust data mining and processing activities.

Application forms of use for Fispact-II generated from
PREPRO (using the linear, recent, sigma1, sixpack,
activate, merger, dictin and groupie modules) include

detailed partials, total group cross sections, resonance widths
and uniquely high energy (>30 MeV) activation and trans-
mutation cross sections, and radionuclide yields (when pro-
vided in the original data set). PREPRO also merges the
unique NJOY-produced set of responses, kerma, displace-
ment cross sections and gas production, into its own struc-
tures. Finally, one of its modules groups all cross sections
into a fine structure using appropriate micro flux weighting
spectra.

One tremendous advantage to be gained from this par-
ticular suite of modules and processing steps is that at
any stage it endeavours to keep the output file structure
in ENDF-6 format, file and reaction-type numbers alike.
Cross sections constructed from parameters progress from
0 K pointwise data, to 293.6 K pointwise then groupwise
data in the same structured file.

3.4. Decay data

In addition to cross sections the other basic quantities
required by an inventory code are data on the decay prop-
erties (such as half-life, α, β, γ emissions, etc.) of all the
nuclides considered as targets or daughters. These data
are available in the various evaluated decay data libraries.
Fispact-II is able to read the data directly in ENDF-6
format; it requires no pre-processing to be done, although
file debugging has always been found necessary. Earlier
libraries were based primarily on the JEFF-3.1.1 [41] and
JEFF-2.2 [42] radioactive decay data libraries, with addi-
tional data from the most recent UK evaluations. How-
ever, not all of the then 2233 nuclides that were needed
at the time are included in such sources. For these nu-
clides data were taken from sources such as Brown and
Firestone [43], and ENDF-6 formatted files have been con-
structed. Reference [44] documents the earlier library,
but in order to handle the extension in incident particle
type, energy range and number of targets, many more nu-
clides are needed. A new 3875-nuclide decay library named
UKDD-12 has been assembled from previous compilations,
complemented with all of JEFF-3.1.1, a few nuclides from
ENDF/B-VII.1 and other decay files to cover the range
of daughters arising from all TENDL reactions and more
short-lived fission products.

Care has been taken to ensure that the cross-section
and decay data libraries are compatible. All nuclides (in-
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Table 6: Decay libraries.

Library Number of
name isotopes
UKDD-12 3875
JEFF-3.1.1 3854
ENDF/B-VII.1 3818
JENDL-4.0 1380
JDDF-2015 3237

cluding isomeric states) that can be formed from the vari-
ous reactions as daughters in the cross-section library need
to be included in the decay library so long as their half-lives
are greater than 0.1 second. Some nuclides with shorter
half-lives are also included where it is felt that they are of
particular importance (e.g. the metastable states of 88Y).
Short-lived (<0.1 s) isomers which would return to the
ground state by an isomeric transition usually have little
impact on activation calculations and most of these have
been ignored so far. However, the effort is now directed
towards better physics and completeness, rather than ac-
cepting pragmatic solutions.

There are still some issues regarding minor differences
between the isomer definitions in the cross-section library
(arising from the RIPL-3 database used in the prepara-
tion of TENDL) and those in the newly-compiled decay
library. Fispact-II now handles ground states and sev-
eral isomeric states (g, m, n, o, . . . , t) but there are some
inconsistencies in the energy levels of these radionuclide
daughter products of reactions and the associated decay
data files. These inconsistencies will be addressed fully in
a future release of the system.

3.5. Fission yields

The Fispact-II inventory code allows the use of a va-
riety of neutron-induced (nFY), spontaneous (sFY) and
particle-induced (oFY) fission libraries. Cumulative or in-
dependent yields can be selected. The various libraries
contain not only different data for the same nuclides, but
also cover different sets of nuclides. This is summarised
in Table 7, which shows the number of nuclides with data
for neutron-induced fission yield, spontaneous fission yield
and alpha, deuteron, proton and gamma fission yield files.
The methodologies behind TENDL and GEF [45, 36] al-
low for more robust files, notably containing any target
nuclides, including isomers and a large range of incident
neutron energies.

Fission yields are generally stored for three separate
incident neutron energies: a thermal value of 25 meV, a
fast value of 400 keV and a high-energy value of 14 MeV.

The GEFY-5.2 [37] data sets cover independent and
cumulative fission-fragment yields where multi-chance fis-
sion is considered, fundamentally modifying the mass and
general nuclide yields. The yields cover from thermal en-
ergy (0.0253 eV) to 30 MeV in 59 energy steps for all target

Table 7: Fission libraries.

Library nFY sFY oFY
name
GEFY-5.2 119 109
UKFY-4.1 21
JEFF-3.1.1 19 3
ENDF/B-VII.1 31 9
JENDL-4.0 31 9

isotopes, allowing a more sophisticated interpolation of the
yields depending on the incident particle spectrum. Exam-
ples of the energy-dependent yields are shown in Fig. 10.

3.6. CALENDF probability tables

CALENDF is an R-matrix analysis, processing code
with unique capabilities that complement the other pro-
cessing codes. It has been widely used in the multi-physics
data processing of the libraries needed by the Fispact-II
code. In the preparation of TENDL, CALENDF has been
used both to generate statistical resonances for those tar-
get nuclides with no, or only poor, experimental informa-
tion (Fig. 20), and also to extract and assemble the proba-
bility tables from all evaluations of resolved and statistical
resonance parameters.

Probability table data sets are supplied for each eval-
uation/library and temperature from the energy of 0.1 eV
up to the end of the unresolved energy range of the eval-
uation in the same fine group structure as the cross sec-
tions; 709 or 1102 groups. Several groups are typically not
populated as they are outside the resonance energy range
of interest. The same probability table forms are used
by the Monte Carlo code TRIPOLI [46, 47] in the un-
resolved energy range and by the fast deterministic code
ERANOS [48, 49] in both resolved and unresolved reso-
nance energy range.

The code manipulates these probability tables in var-
ious ways, including isotopic smearing, condensation, in-
terpolation and order reduction. Effective cross sections
and moments can then be extracted in the resolved and
unresolved resonance ranges, while probability table self-
shielding factors (ssf) are calculated (Fig. 3) for any com-
peting channels and isotopic compositions . Note that the
effective cross sections and moments derived in this way
account not only for contributions to the self-shielding fac-
tors from all known channels and energies but also any iso-
topic mixture. There is some overlap of probability table
capabilities with PREPRO and NJOY, but the different
codes are used as appropriate for the different forms [14]
of application data.

3.7. PKA matrices

The group-to-group recoil cross section matrices re-
quired by the primary damage evaluation code SPECTRA-PKA
(section 2.5) are produced by feeding the raw point-wise
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Figure 10: (Colour online) Energy-dependent neutron-induced fis-
sion yields from GEFY-5.2, showing the range of distributions. In-
cident energies shown include 100 keV, 5.5 MeV and 20 MeV.

evaluations of TENDL (and other libraries) into NJOY
and outputting via a specially-modified for the purpose
version of the groupr subroutine (the minor changes therein
simply redirect the usual group-to-group matrix output to
separate file streams, and use extra floating precision). A
plottable version of the file for each target nuclide is also
output.

Figure 11 shows a typical matrix, in this case for the
pure elastic scattering channel on 184W in TENDL-2015.
The cross sections, as a function of recoil energy, are plot-
ted for several incident energy groups (only a small subset
of the 709 groups used to represent the TENDL-2015 data)
– in essence each curve represents a different incident-
energy column of the recoil cross section matrix for this
reaction channel. As would be expected for elastic scat-
tering, the cross sections are highest at lower incident en-
ergies, but produce less-energetic recoils.

Figure 12 shows another example, in this case for the
(n, α) reaction on the same 184W nuclide. This time there
are two distributions: one for the heavy 181Hf recoil (in
grey); and another for the emitted light α particle (in
blue). For this threshold reaction there are no signifi-
cant cross sections below around 10 MeV. As would be
expected, the recoil energies of the α-particle are signifi-
cantly above those of the heavy residual. However, note
also in this case, that the reaction has a positive Q-value
of 7.3 MeV, which means that the energy of the α-particle
can actually be higher than the incident neutron energy. In
the figure this point is exemplified by seeing that the cross
section curves associated with the α-particle of (n, α) are
above in recoil energy to the incident=recoil energy line
(red line in plot).

Figure 11: (Colour online) Representation of the group-to-group
recoil cross section matrix for elastic scattering on 184W - TENDL-
2015.

4. Verification and Validation

Verification and Validation (V&V) activities are essen-
tial for the successful development of any well-engineered
physics prediction code. An essential activity is verifica-
tion to ensure that at all stages of the development the
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Figure 12: (Colour online) Representation of the group-to-group re-
coil cross section matrix for the 184W(n, α)181Hf reaction - TENDL-
2015. The cross sections for 181Hf are shown in grey, while the higher
energy α recoil cross sections are in blue. The red line in the base
xy-plane represents incident=recoil energy.

code functions in accordance with its user requirements.
Successful verification should then be followed by vali-
dation involving the comparison of results with external
sources of information to ensure that the code produces
correct results, or at least results of acceptable accuracy,
taking into account the level of physics assumptions and
approximations inherent in the design of the code and its
input data.

The development of Fispact-II has proceeded over
several stages in recent years, with new features being
added at each stage. An extensive set of test cases (cur-
rently several hundred) has been produced and extended
as the code development has continued. This test set ex-
ercises all keywords that users employ in the Fispact-II
input file to control a run of the code. The test cases en-
sure that newly-added keywords have the intended effects.
The test set also provides regression tests so that all the
established functionality of the code can be verified each
time a new release is prepared.

Verification and validation is a vital part of the pro-
cessing and production of nuclear data libraries. For an
advanced inventory and observables code which covers the
complete set of nuclear reactions, this takes several forms:

• validation of input nuclear data against experimental
information, both integral and differential;

• verification of the nuclear data, particularly those
without experimental information, against system-
atics, statistical review and consistency checks;

• checking code methodologies for nuclear data inter-
pretation, reading, processing and use in simulations
– essential for handling multiple ENDF-6 libraries
and technological databases such as TENDL and
GEFY;

• validation of code simulations against experiment for
all input nuclear data forms.

In the last few years great effort has been expended on
producing a set of, largely-automated, V&V tools. As well
as validating the nuclear data libraries themselves, these
V&V tools also verify the robustness and accuracy of the
Fispact-II code itself. Each individual report straddles
multiple aspects of the general V&V process, for example
the integro-differential report tests TENDL effective cross
sections against experimental data as well as differential
EXFOR and full code simulations against a variety of in-
tegral measurements. Each section discusses one aspect of
the V&V with a brief summary of salient conclusions from
one of the reports.

4.1. Fusion decay heat

Little experimental data exists for structural material
samples irradiated under all nuclear plants relevant neu-
tron spectra and even when data does exist the measured
quantities are either specific activity and/or γ spectroscopy.
In particular, no or very little experimental data on decay
power has previously existed for fission plant structural
materials and for materials under high energy irradiation
conditions (i.e. fusion, fast fission). It was to fill this gap
that a series of experiments were performed using the Fu-
sion Neutron Source (FNS) facility at the Japan Atomic
Energy Agency JAEA [50, 51, 52] . Material samples were
irradiated in a simulated D-T neutron field and the result-
ing decay power was measured for cooling times of up to
thirteen months. Using the highly sensitive Whole Energy
Absorption Spectrometer (WEAS) method, both β and γ
emission decay energies were measured at selected cool-
ing times and, quite impressively, as soon as a few tens of
seconds after the end of irradiation.

Validation of decay power predictions by means of di-
rect comparison with integral data measurements of sam-
ple structural materials under neutron spectra allow confi-
dence to be given to the decay power values calculated. It
also permits an assessment of the adequacy of the methods
and nuclear data, and indicates any inaccuracy or omis-
sion that may have led to erroneous code predictions. It
is clear that certain safety margins can be derived from
such a validation exercise, if relevant to plant operation,
materials and design, and applied as bounding conditions
in operational Safety and Environmental (S&E) analyses.

4.1.1. FNS Assembly

14 MeV neutrons are generated by a 2 mA deuteron
beam impinging on a stationary tritium-bearing titanium
target. The total neutron flux at the sample location, for
this experiment, is in the range of 1.0×1010 [n cm−2 s−1],
the same order of magnitude as in the first wall of the Joint
European Torus (JET) fusion experiment when operating
with D-T plasma. However, the irradiation time at the
FNS were of 5 minutes and 7 hours in comparison with
the few seconds flat burn achieved during the DTE1 JET
fusion 1996 campaign. As a point of reference the total
flux in a power plant is typically expected to be in the
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region of 1013 or 1015 [n cm−2 s−1], three to five orders of
magnitude higher than in JET or FNS, and also for much
longer irradiation times.

Thin samples, 25x25 mm2 in area, and typically 10 µm
thick, have been used, either as metallic foil or powder
sandwiched between tape. Use of a thin sample minimises
the self-absorption of β rays emitted in the sample itself
and allows their measurement. A total of 74 different ma-
terials have been used across the different phases of the
experiment.

The decay energy in each irradiated sample was mea-
sured in the Whole Energy Absorption Spectrometer (WEAS),
which comprises two large bismuth-germanate BGO scin-
tillators in a geometric arrangement, provides almost 100
% detection efficiency for both β and γ-rays. Correction
factors need to be applied for γ-ray efficiency and for β and
electron energy loss in the sample itself (less than 15% gen-
erally), and for other effects such as the decay heat due to
the plastic tape used for the powder samples. The overall
experimental uncertainty totals between 6 to 10% in most
cases, although it rises to higher levels at particular cool-
ing time for certain samples. The WEAS provides high
sensitivity, down to powers less than 1 pW, which is valu-
able for measurement of some nuclides with long half-lives.
It also has a wide dynamic range: measurements of up to
a few mW have been achieved in the experiments.
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Figure 13: (Colour online) Decay heat production and cooling
in zirconium irradiated for five minutes in the JAEA FNS experi-
ment, compared with Fispact-II predictions. TENDL uncertainty
as shaded area.

4.1.2. Comparison of the Results

For each material sample and irradiation condition,
Fispact-II, combined with the TENDL-2015, ENDF/B-
VII.1, JEFF-3.2 and JENDL-4.0, calculations have been
performed [53, 54]. Graphical comparisons of the results
are presented. On the graphs FNS experimental measure-
ments are also plotted and include the uncertainties as ver-
tical lines, while the grey shadow area corresponds to the

1E-05

1E-04

1E-03

1E-02

1E-01

1E+00

 0  50  100  150  200  250  300  350  400  450

H
ea

t 
O

u
tp

u
t 

[µ
W

/g
]

Time after irradiation [days]

FNS Experiment
JEFF-3.2

JENDL-4.0
ENDF/B-VII.1
TENDL-2015

89
Sr

91
Y

95
Zr

92
Y

90
Y

89
Zr

89m
Y

Figure 14: (Colour online) Decay heat production and cooling in
zirconium irradiated for seven hours in the JAEA FNS experiment,
compared with Fispact-II predictions.

calculation uncertainty derived from TENDL-2015. The
5 minutes or 7 hours irradiation results can be presented.
Care needs to be taken when interpreting the graphs, par-
ticularly in view of the log-linear scales. Such plots allow
a direct visual interpretation of nuclide half-life at times
when one isotope is clearly dominant. A departure from
equivalence in the decay profile between experiment and
calculation would indicate a mismatch in terms of half-life
in one or more of the important nuclide.

The full report details the analyses for each of the 74
materials samples that have been irradiated in the two
campaigns. To complement the analysis of total heat,
an appendix has been included showing the TENDL-2014
differential cross sections against EXFOR [55] for all re-
actions leading to the production of dominant nuclides.
Further details of these plots can be found in [56].

There is some interest in focusing on irradiated sample
of importance for one applications. Zirconium is largely
employed as cladding material in many LWR plant world-
wide and as such deserve some attention. From Fig. 13 one
immediately notice a good agreement amongst the differ-
ent nuclear databases but for JENDL-4.0 unable to pro-
duce 89mZr, predominant in the first half hour of cooling.
Time dependent calculation over experiment (C/E) val-
ues (2-18%) also compare nicely with the TENDL-2015
derived uncertainty (8-20%). From the longer irradiation,
longer cooling time graphs shows in Fig. 14 one may de-
duced much better overall performance. Note that the
decay heat dropped by three orders of magnitude within
a month cooling.

Nickel and niobium, Fig. 15 and 16 are also elements of
importance in the next generation of power plants, fusion
or fast fission, however in those particular cases one has to
remarks the lack of isomeric production channels from the
legacy libraries. Only the truly general purpose TENDL
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Figure 15: (Colour online) Decay heat production and cooling in
nickel irradiated for five minutes in the JAEA FNS experiment, com-
pared with Fispact-II predictions.

library seems to be capable of reproducing the more exact
time dependent decay heat profile arising after irradiation
of those elements. What is also of concern is the system-
atic under prediction, by lack of isomeric state branching
ratio, from the other libraries. Having said that Fig. 17
demonstrates the opposite, for an important neutron ab-
sorbent material: silver.

4.1.3. FNS Analyses

The experimental time-dependent decay-power mea-
surement program at JAEA FNS combined with the Fispact-
II simulations performed provide a unique check of the cal-
culational method and nuclear databases associated with
the prediction of decay power for the set of material sam-
ples analysed. The results of the comparison give con-
fidence in most of the decay heat values calculated, al-
though the predominantly 14 MeV neutron spectrum in
FNS means that the low neutron energy reactions of im-
portance in other devices have not yet been fully consid-
ered [57]. This statement limits the scope of validation
and possible conclusions reached in this study to the decay
power predicted through the identified pathways. How-
ever, it covers the decay data of all the isotopes involved
irrespective of their production routes.

The experimental uncertainty, calculational uncertainty
and E/C values have been systematically produced. Their
direct comparison demonstrates that the method chosen
to calculate and propagate these calculational uncertain-
ties in the Fispact-II code system is verified and validated
(V&V), and that the TENDL uncertainties file could be
further improved along the same lines.

From the overall results, a set of inadequacies, not only
in the cross sections but also in the decay libraries, have
been identified that will require some corrective actions
to be taken. These corrections and/or amendments will
benefit the next generation of the TENDL library cross
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Figure 16: (Colour online) Decay heat production and cooling in
niobium irradiated for five minutes in the JAEA FNS experiment,
compared with Fispact-II predictions.

sections, associated variance and covariances, and decays
data files. As expected, they impact both the produc-
tion paths and/or decay data of some specific radionuclides
without impairing the overall picture. A large proportion
of the decay powers calculated in this validation exercise
with TENDL-2015 are in good agreement (within a few
%) with the experimental values for cooling times span-
ning from tens of seconds, and this is a unique insight in
the isomers space, up to more than a year.

4.2. Integro-differential

For a great many target nuclides and reactions, there
are few experimental measurements to rely upon in the
nuclear data evaluation process. Many energies are too
difficult to probe, for example resonance regions or ener-
gies between a few MeV and 14 MeV for neutrons. These
limitations in the data force us to be more proactive in val-
idation, drawing upon different, complementary sources to
draw conclusions where individual sets of differential mea-
surements are lacking.

A series of irradiations of various materials in sev-
eral complementary neutron fields have been carried out
over several decades. Analyses of the results have pro-
duced integrated effective cross sections attributed to var-
ious nuclear interactions. Neutron spectra calculated for
each experiment can be convolved over energy with library
cross sections for comparison with experimental results.
The measurement techniques vary between experiments,
from calorimetric to spectroscopic, fairly mono-energetic
to ‘white’ spectra. Each presents its own challenges, but
the extraction of useful data on individual reaction chan-
nels can be done even in calorimetric measurements such
as those performed with total decay heat from FNS.

To best gauge the quality and extent of the conclu-
sions that can be drawn from the available set of integral
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Figure 17: (Colour online) Decay heat production and cooling in
silver irradiated for five minutes in the JAEA FNS experiment, com-
pared with Fispact-II predictions.

measurements, differential data from EXFOR is compared
against the evaluated cross sections with all isomeric pro-
duction, if present. The combination of these has great
value in highlighting areas for re-evaluation or providing
the most robust activation validation possible.

The combination of multiple, complementary integral
measurements with differential cross-section data from EX-
FOR has been used to validate the TENDL-2014 neutron-
induced nuclear data library. The integral measurements
use incident particle spectra from a variety of sources in-
cluding:

• Fusion D-T with various amounts of scattering, 14
MeV peaked

• Deuterium beam on beryllium target ‘fast white’ spec-
trum above 20 MeV

• Deuterium beam on lithium target ‘IFMIF-like’ spec-
trum up to 60+ MeV

• Proton beam on deuterium targets ‘fast white’ spec-
trum above 20 MeV

• Spontaneous 252Cf fission neutrons

The measurement techniques typically include HPGe
gamma spectroscopy to identify individual nuclides, spec-
troscopic or total heat measurements. Normalisations and
spectra are determined through various means, from ac-
tivation foils to ToF and alpha-monitors. Not all experi-
ments are of the same quality and this fact is extremely
important when making judgements on the quality of an
evaluated file using few measurements.

Identification of individual reaction channels within in-
tegral measurements poses a few challenges, including the
separation of production of decaying, precursor nuclides

(cumulative effects) and isolation of multiple reaction chan-
nels, which occurs through multiple target elements, mul-
tiple target isotopes and multiple reaction channels per nu-
clide. Care must be taken not to mistakenly identify one
reaction channel with multiple are involved, which could
either throw into question an accurate evaluation or ‘vali-
date’ a spurious cross section. The approach taken by the
UKAEA is to establish a set of criteria for inclusion and
remove those which fail the tests. In those (few) cases re-
moved which were used in previous EAF validations it is
unlikely that the experiments measured the specific reac-
tion channel(s) in question.

For all integral measurements new pathways analysis
using the Fispact-II pathways search features have been
done. These identify the % contribution from each reac-
tion channel and verify that the channel of interest is dom-
inant for the measurement. Even with high-purity samples
this can be quite complex due to multiple isotopes or re-
actions, for example the FNG nickel irradiation shown in
Fig. 18. As in several cases, the total heat measurements
reflect multiple nuclides contributing at every time-step.
However, at specific points one nuclide is strongly dom-
inant, for example the 62Co and 62mCo at the first and
last measurements shown in this figure. Decay data can
provide an additional concern due to potential misalloca-
tion of beta/gamma heat (and other more simple issues
such as half-life uncertainty). The apparent discrepancies
between beta and gamma heat in the first measurement
are reconciled in the total, which has a less uncertain en-
ergy per decay. 60mCo dominates the gamma heat at 500 s
and 62mCo dominates the beta and total in the final point.
The production pathways for nickel are quite simple, with
60Ni(n,p) and 62Ni(n,p) generating the cobalt isotopes and
isomers. This allows specific identification of each as an
integral measurement of a reaction channel.
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This level of analysis has been performed in the re-
cent report for the FNS and FNG (Frascati) heat measure-
ments. Results from other laboratories were tested with
pathways analyses and verification of the reaction channels
available.

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 experi-
ments using complementary spectra) and a new experi-
ment using a different spectrum could find discrepant re-
sults. Aside from the differences in experimental design,
there is tremendous deviation in the quality of the spec-
tral characterisations, simulation tools used to calculate
data (ultimately including the effective cross section) and
reporting of measurement methodologies.

The distributions show a generally superior agreement
for TENDL-2014, with 12% more values between 0.94 and
1.06. The log-mean C/E value,

log
(
C/E

)
=

1

n

n∑
i=1

log (Ci/Ei) , (49)

for TENDL-2014 is 0.993, 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 sys-
tematic under-prediction for the integral values of this re-
port. The fact that TENDL provides a more symmetric
distribution should not be surprising; the data is derived
from physical parameters which globally govern the pro-
duction of reaction information and both under- and over-
prediction should be equally likely. In comparison, the
asymmetry of EAF belies its methodology, where path-
ways 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 pro-
duction.

It should be noted that the EAF library was constructed
and modified with knowledge of these integral measure-
ments, which were used as justification for renormalisa-
tions leading to better agreement with the experiments.
That TENDL blindly predicts these effective cross sec-
tions, using physical parameters, with greater accuracy
than a library tuned by renormalisations is quite remark-
able. When the standard international libraries are used
to calculate the effective cross sections considered the dis-
tribution shows a tremendous lack of data, as depicted
in Fig. 19. The most notable difference here is that ap-
proximately one third of the C/E values are less than 0.1,
with the vast 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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4.3. Maxwellian-averaged cross sections

Many reaction channels have little or no experimental
data, and for those with some measurements, these do not
cover the full gambit of energies needed to properly de-
scribe the cross sections. In particular, the non-threshold
reaction capture channels require a huge range of mea-
surements to cover the resonance ranges, thermal values
and high-energy components. Resonance parameters are
typically generated with generalised least squares methods
over a large, precise experimental database, but for most
nuclides these are unavailable. In many cases not only are
there not resolved resonance parameters, but very little or
no integral data is available.

The importance of neutron capture and other non-
threshold reactions for stellar nucleosynthesis processes has
led experimentalists to measure integral cross sections for
reactions which would otherwise have little attention. These
are used to inform reaction rates in stellar nuclide evolu-
tion calculations which model the elemental composition
of the observable universe. The importance of these val-
ues has led to the production of an evaluated reference
database for Maxwellian-averaged cross sections: the Karl-
sruhe Astrophysical Database of Nucleosynthesis in Stars
(KADoNiS) [58]. This contains data for 357 nuclides over a
range of 11 temperatures form 5 keV (58 million K) to 100
keV (1.2 billion K). It draws largely upon the well-known
compilation of Bao et al. [59], which includes an impressive
catalogue of experimental and theoretical sources. While
several of the nuclides without experimental information
within Bao have been updated in the most recent KADo-
NiS database v0.3, 80 of these nuclides (22%) are based on
theoretical, statistical model calculations rather than ex-
perimental measurements. Even though not as strong as
the C/E validation for the remaining 277 nuclides, these
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still provide code-to-code comparisons for the TENDL cal-
culated values [60].

The TARES code of the TENDL generation system
consistently produces the resonance parameters for the
ENDF6 files MF=2, MF=32 and MF=33, the last of which
can be used with in the Fispact-II uncertainty covariance
collapse to generate specific rate uncertainties for each
such non-threshold reaction channel. TARES also employs
CALENDF resonance sampling methods [23] to statisti-
cally generate extended resolved resonance regions with
enhanced capabilities for temperature-dependent broad-
ening and self-shielding. These ‘high-fidelity resonances’
(HFR) [23] play a central role in the Maxwellian averaged
values, particularly where no resonance data is available
and step-function discontinuities between the low-energy
region set by a thermal cross section and the higher-energy
region can produce problematic temperature-dependent shapes.
A prime example of this is shown in Fig. 20, where the
TENDL HFR produces a more realistic cross section which
produces a superior agreement with the KADoNiS values.
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Figure 20: (Colour online) TENDL-2014 and JENDL-4.0u micro-
scopic cross sections for Kr85, showing the unbroadened 0K and
broadened 30 keV data. The TENDL-2014 C/E with KADoNiS is
0.92 at 30 keV.

A study of the MACS for all KADoNiS nuclides was
performed using several methods, including the well known
utility code inter [61], the JAEA maxwav [62] and Fispact-
II collapses which offered the complete covariance uncer-
tainty for each reaction. Of course, this is limited to files
which possess a full MF=33 file and only where they are
meaningful, so that resonance range treatment is still not
fully implemented for any library. However, for some ex-
amples the TENDL nominal and uncertainty values are
due to TALYS calculations where the full uncertainty is
already available in the 2014 release, for example in Cd106
as shown in Fig. 21. The ability to not only offer predic-
tive capture cross sections, but also predict realistic un-
certainty bounds which match beautifully with the exper-
imental data is a unique feature of TENDL.
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Figure 21: (Colour online) TENDL-2014, JENDL-4.0u and
ENDF/B-VII.1 Maxwellian averaged cross sections for Cd106, show-
ing the range of temperatures which cover the KADoNiS data points.

4.4. Fission decay heat

Decay heat and inventory calculations for irradiated
fission fuels comprise two of the fundamental tasks for
time-dependent Bateman solvers in the nuclear industry.
Detailed and accurate knowledge of these time-dependent
characteristics, as well as trustworthy uncertainty values,
are of primary importance for reactor safety cases and the
handling of irradiated fuel issues which cover a great many
activities representing billions of dollars in current and fu-
ture effort.

Development of the Fispact-II code has resulted in
new and unique simulation methods for a variety of nu-
clear observables, including fission decay heat and inven-
tory calculations. To perform these simulations, massive
libraries which contain the complete probability distribu-
tions for fission product formation, as well as the complete
decay data for all of these products (reaching from the
long-lived to those with sub-second half-lives), must be
maintained and validated with sophisticated and sturdy
simulation software. All of the physics of nuclear interac-
tions, fissions and decays is contained within the nuclear
data files, which hide one half of the simulation within the
evaluation method behind those files.

While most time-dependent inventory and observables
codes rely upon one bespoke nuclear data library, the abil-
ity to harness any dataset affords a unique opportunity
to cross-check data and provide feedback which ultimately
improves the code/data system. By performing a verifica-
tion and validation on Fispact-II with all of the major
international nuclear data libraries, this exercise goes be-
yond demonstrating the capabilities of the code/data sys-
tem in simulating decay heat and inventories, giving pre-
cise information on which nuclides should have their fission
yield or decay data re-evaluated and in which library.
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Table 8: Decay heat data sources with a primary author, experimen-
tal information and indicative year.

Author Nuclide(s) Method Irrad. (s)
Fisher 232Thf ,

233Uf ,
235Uf , γ < 1

238Uf ,
239Puf

McNair 235Uth, 239Puth β 10–105

MacMahon 235Uth β 10–104

Scobie 235Uth β 104–105

Lott 235Uth Total 100–5000
Yarnell 233Uth, 235Uth, Total 2× 104

239Puth

Jurney 233Uth, 235Uth, γ 2× 104

239Puth

Murphy 235Uf ,
239Puf β 105

Dickens 235Uth, 239Puth, γ & β 1–100
241Puth

Baumung 235Uth Total 200
Akiyama 233Uf ,

235Uf , γ & β 10–300
238Uf ,

239Puf

Akiyama 232Thf ,
natUf γ 10–300

Johansson 235Uth γ & β 4–120
Tobias 235Uth, 239Puth Stat. —
Schier 235Uth, 238Puf , γ & β <1

239Puth

Ohkawachi 235Uf ,
237Npf γ & β 10–300

4.4.1. Fission Experiments

To ensure that this validation [63] is as robust as pos-
sible, a thorough effort has been made to revisit as many
high-quality decay heat experiments with complementary
neutron spectra, irradiation schedules, measurement tech-
niques and nations of origin. Simulations from theoret-
ical fission bursts to full-day irradiations have been per-
formed, using a variety of nuclear data combinations, and
compared with the available experiments, which are sum-
marised in Table 8. Good agreement between calculation
and experiment (C/E) is found for total heat from the ma-
jor fresh fuel components in actual LWRs, however spec-
troscopic partial heat and decay heat in thorium fuel cycle
nuclides remains discrepant both in C/E and C/C. For
minor actinides where no experimental data was avail-
able, C/C comparisons also show substantial differences
between data libraries.

Detailed (spectroscopic and total) decay heat break-
down by nuclide is also performed for select cooling times
and fissiles, using different decay or fission yield libraries
to demonstrate the precise cause of the C/C discrepan-
cies. These are found to primarily be due to incomplete
adoption of TAGS results for Pandemonium nuclides, but
many other decay data and fission yield differences have
been identified. Given the tendency for relative agreement
on total values, it is clear that many compensating effects
are still present.

Thermal pulse experiments. A large set of thermal de-
cay heat experiments have been performed for 235U and
239Pu, so that some statistical meta-analysis is necessary
to handle the range of experimental values and uncer-
tainties. While some chi-squared analysis may be pro-
posed, the systematic issues with multiple experimental
techniques, quality of campaigns and other factors must be
taken into account. For these reasons, evaluated datasets
have been produced, for example the Tobias evaluations
or ANS/ANSI-5.1. Comparisons with predictions from
Fispact-II and other high-quality experiments show ex-
cellent agreement in total heat for all libraries, with some
unresolved gamma/beta partial heat discrepancies due to
TAGS data adoption.
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Figure 22: (Colour online) Total and gamma decay heat following
thermal neutron pulse fission on 235U, comparing well-known exper-
imental data with Fispact-II and all major libraries.

The remaining spectroscopic issues are largely related
to the misallocation of gamma/beta energy in decay pro-
cesses due to a lack of knowledge about beta decay feeding
to high-energy excited daughter states. These low proba-
bility events are difficult to measure and consequently the
average gamma energies are skewed downward, resulting
in an incorrect apportionment of decay heat to the beta
decay. Totals remain largely insensitive to the choice of
decay library, but ENDF/B-VII.1 and JENDL-4.0u gener-
ally have more complete adoption of the most recent data
which corrects these problems. As Fispact-II has been
engineered to accomodate any and all nuclear data, the
user is able to choose to most appropriate physics based
on the results of UKAEA validation.

Fast pulse experiments. The range of fast fission pulse ex-
periments includes the Akiyama et al measurements using
the YAYOI reactor for a variety of nuclides including 233U,
235U, 238U, 239Pu and 232Th. These are complemented by
UM Lowell data for 238U and measurements of gamma
heat from experiments using a Godiva device from Fisher
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& Engle. Non-pulse fast measurements are also compared,
for example from the UKAEA Zebra reactor.
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Figure 23: (Colour online) Total and beta decay heat following fast
neutron pulse fission on 239Pu, comparing well-known experimental
data with Fispact-II and all major libraries.

Except for some irregularities with the capture correc-
tion in the 232Th gamma measurement, these are largely
in agreement for all of the systems considered. Some dif-
ferences were noted using previous GEFY-4.2 data which
led to significantly different total heat predictions in short
cooling times, typically less than 10 seconds. These in
some cases are not within the scope of the available exper-
iments to adequately probe and it should be noted that the
GEF code has enjoyed significant and continued develop-
ment in recent years and months. At present it is not
the recommended library for typical thermal or fast reac-
tor decay heat simulations, but its impressive capabilities
make it the only option for many advanced applications
and updated versions are continually in development and
testing.

Finite duration experiments. Several non-pulse experiments
were considered which employed a variety of neutron spec-
tra, types/techniques, irradiation durations and cooling
times. These vary from seconds to years post-irradiation
(in some cases both in one experimental campaign), boil-
off calorimetry to shielded gamma measurements and fast
reactors to thermal columns. Quite importantly, they also
include experiments from several countries and continents,
including the UKAEA, LANL, Studsvik, CEA, ORNL,
CENBG, Uppsala, KfK, SRRC and JAEA. Agreement
with Fispact-II predictions are generally very good, par-
ticularly better than the pulse cases where nuclides which
suffer from the Pandemonium effect are less significant and
numerous.

The example in Fig. 24 right shows a 100,000 second
irradiation in the UKAEA Zebra reactor followed by beta
heat measurements at a huge range of cooling times from
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Figure 24: (Colour online) β decay heat following fast neutron
irradiation for 105 seconds on 239Pu at the UKAEA Zebra reactor,
comparing experimental data with Fispact-II and all major libraries.

just over ten seconds to nearly one year. The impres-
sive agreement for all nuclear data libraries is in part at-
tributable to the lower total number of nuclides with a
significant role in a long (cumulative/equilibrium) irradi-
ation.

4.4.2. Nuclear Data Probing

The use of different nuclear data libraries can have a
profound effect on the simulation of decay heat for all
fissile nuclides, including the main constituents of LWR
fuel, for example. To better understand the root cause of
these differences, Fispact-II can be employed by swap-
ping individual decay or fission files and comparing heat
and inventories at a selection of cooling times. By doing
this, the effects of library differences can be easily discov-
ered and nuclides which both contribute non-negligibly to
decay heat and have discrepant yields or decays can be
identified.

The robust and open nature of the nuclear data func-
tionalities of Fispact-II allow it to follow all nuclides
and precisely identify those nuclides which are responsi-
ble for discrepancies. For the nuclides which suffer from
the Pandemonium effect, the beta heat is over-expressed
due to mis-allocation of the heat due to high-energy gam-
mas. This is not the only error possible with decay data
files—misreading of data from ENSDF, dubious splitting
of totals and simple typographical mistakes could also be
at fault—but it is the most prevalent problem. To find
the root cause, the decay data files must be interrogated
by hand (ultimately by decay data evaluators). The exam-
ple in Fig. 25 is the set of 233U gamma heat contributors
with nominal values on the left y-axis and ratios to the
ENDF/B-VII.1 simulations on the right y-axis. In this
comparisons JEFF-3.1.1 fission yields are exclusively used
to ensure that any effects are solely due to the decay files.
Note also the absence of 98Zr gamma heat in all libraries
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Figure 25: (Colour online) Comparison of the gamma heat at 100 s
cooling following a fast neutron pulse on 233U. Ratios are given on
the right y-axis.

except ENDF/B-VII.1, which is due to files where only the
ground state is populated in the beta decay.

Two supplements to the V&V report were prepared as
compilations of nuclear data comparisons for general use;
one with constant fission yields which compared the effects
of varied decay data on decay heat [64] and another with
constant decay data which tested fission yields [65].

4.5. Fission assembly simulations

As part of an international collaboration on uncer-
tainty methods in reactor simulations [25], a set of reac-
tor assemblies were modelled using CASMO-5 [66] with
ENDF/B-VII.1 nuclear data. The neutron spectra for each
fuel pin and volumetric power normalisation for some 50
steps of a 40 GWd/THM irradiation scenario were cal-
culated by CASMO-5, providing the necessary input for
Fispact-II to follow the full inventory.

To accurately incorporate this data, consistent 586-
group cross sections and probability tables were gener-
ated from and for ENDF/B-VII.1, including total energy-
dependent kerma. The energy- and time-dependent self-
shielding factors for each of the major reaction channels
were employed, including fission and absorption for all ac-
tinides (see Fig. 3 for an example). ENDF/B-VII.1 inde-
pendent fission yields for all available files and complete
decay processes for all fission products were used in the
simulation. To match the power normalisation of CASMO,
the total reaction kerma for the full inventory was used to
set a time-dependent neutron flux which was renormalised
on a 10 hour time-step in order to maintain the constant
power normalisation.2

2Since Fispact-II has been designed to treat flux as constant
during any time-step, this re-normalisation period was required to
prevent the time-dependence of the flux from affecting the power
normalisation.

One of the assemblies simulated, from Takahama-3 [67],
has a lattice depiction in Fig. 26, including an array of
burnable gadolinium poison rods and water-filled guide
tubes. Average spectra for each pin, with material-specific
probability table self-shielding factors, were used to follow
the inventory and compare directly with the CASMO-5
predictions. The simulation results with Fispact-II were
notably in agreement with the CASMO predictions, with
235U within 2% and 238U within 0.5% at 45 GWd/THM
burn-up, as shown in Figure 27. Similar agreement was
found with the other assembly simulations of that collab-
oration [25].

Figure 26: (Colour online) Takahama-3 assembly lattice with stan-
dard fuel rods (green), gadolinium rods (pink) and guide tubes
(blue), as depicted by CASMO-5.

10
20

10
21

10
22

10
23

 0  5000  10000  15000  20000  25000  30000

 0.9883

 0.9975

 0.96

 0.98

 1

 1.02

 1.04

0 5 10 15 20 25 30 35 40 45

In
v

en
to

ri
es

 o
f 

n
u

cl
id

es
 (

at
o

m
s 

cm
-3

)

R
at

io
 o

f 
in

v
en

to
ri

es
 F

IS
P

A
C

T
-I

I/
C

A
S

M
O

-5

Time of irradiation (h)

Burnup (MWd/kg)

CASMO-5 U235
FISPACT-II U235

CASMO-5 U238
FISPACT-II U238
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4.5.1. Total Monte-Carlo simulations

The ability to utilise arbitrary ENDF-6 formatted nu-
clear data files allows Fispact-II to be naturally used in
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Total Monte-Carlo uncertainty simulations, which implic-
itly include all nuclear data covariances that can be gener-
ated through parameter variation within the nuclear data
generation codes. A novel Bayesian Monte-Carlo (BMC)
method for fission yield uncertainty evaluation [26] using
the GEF code [45] has been used to generate a set of
fission yield files which represent the sampled GEF pa-
rameter distributions and resulting yield variations with
full correlations. By sampling the random files in a set
of otherwise-equivalent simulations, the uncertainties from
the fission yields can be propagated. This has been em-
ployed to obtain fully-correlated fission yield uncertainties
[68], for example with the 239Pu pulse as shown in Fig. 28.
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In parallel, the pathways-based uncertainty from the
energy-dependent covariance data for each reaction chan-
nel can be used to quantify the nuclear data uncertainty
from the reaction cross sections. Combining the fission
yield sampling with reaction covariance propagation pro-
vides a robust picture of these nuclear data uncertainties,
as shown in the simulation of decay heat for the Takahama-
3 assembly in Fig. 29. These reflect the full uncertainty
propagation on all nuclides, including all major and minor
actinides and approximately 1500 fission products from all
fissiles actinides, as shown in Fig. 30.

5. Conclusions

The Fispact-II system brings many new capabilities
to the long established family of inventory codes. At the
core of the main code is a rate equation solver that ex-
ploits the most advanced physics provided in modern nu-
clear data forms. This has primarily been driven by the
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Figure 29: (Colour online) Takahama-3 SF97 after 45 MWd/THM
using ENDF/B-VII.1 nuclear data for reaction covariances and BMC
sampled fission yields for 235U, 238U, 239Pu and 241Pu.
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development of the technological TENDL nuclear data li-
braries that, when coupled with Fispact-II, allow truly
general-purpose simulations for neutron-induced inventory
calculations, as well as a charged-particle simulations for
proton, deuteron, alpha and gamma-ray irradiation.

The use of modern nuclear data forms opens up many
novel features. New data forms for probability tables of-
fer adaptable self-shielding calculations for a wide range of
materials and irradiation scenarios, as well as geometry-
specific self-shielding for several configurations. The in-
clusion of all reaction channels offers robust simulation of
all inventory response functions, including damage source
terms, gamma-dose, decay heat, activation-transmutation,
depletion, gas production and kerma, dpa. These also pro-
vide new functionalities, such as the renormalisation of in-
cident particle flux, through total or any partial kerma, to
volumetric power rating. The availability of complete co-
variance data for all reaction channels, at least in TENDL,
combined with the sophisticated pathways-based and Monte-
Carlo sensitivity methods of Fispact-II offers novel un-
certainty quantification and propagation methods for all
physical systems. The high-energy residual nuclide pro-
duction data of TENDL, as read by Fispact-II, allows
fully tabulated nuclear data to be used in simulations of
incident particles up to several hundred MeV.

Accessing all ENDF-6 nuclear data files, including both
the well-known international libraries and the modern, tech-
nological files such as TENDL and GEFY has allowed
Fispact-II to be used to perform rigorous testing of the
data against experimental values. These have verified the
code capabilities, validated simulation results, uncertainty
quantification and propagation methods and offered a new
method for probing nuclear data files to find weaknesses
when used for various applications.

With the new code functionalities, access to all general-
purpose nuclear data and suite of modern V&V, Fispact-
II serves as a truly 21st software platform capable of lead-
ing the way safely and securely into the simulation needs
of the present and future.
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[58] I. Dillmann, M. Heil, F. Käppeler, T. Rauscher, KADoNiS v0.3

29



- The third update of the Karlsruhe Astrophysical Database
of Nucleosynthesis in Stars, in: Proceeding of the workshop
EFNUDAT Fast Neutrons - scientific workshop on neutron mea-
surements, theory and applications, Geel, Belgium, 2009.
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