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1 Introduction

The fundamentals of nuclear models for low and intermedi-
ate energy nuclear reactions were laid down around 60 to 80
years ago and we still make use of their basic features. Our
compact, subjective list of important nuclear models devel-
oped in history would include the liquid drop model for mass
and fission predictions, the Fermi gas model of nuclear level
densities and the Breit-Wigner model to describe neutron
resonance reactions, which stem from before the 1940s. The
optical model for nucleon scattering and statistical compound
nucleus model date from the 1950s and these models still rep-
resent the foundation of the current nuclear reaction model-
ing in the fast energy range. Important additions from the
1960s are the width fluctuation corrections to the statistical
model, the coupled-channels model for direct reactions and
the pre-equilibrium nuclear reaction mechanism.

Today, one can state that nuclear reaction mechanisms
can be broadly divided into direct and compound nucleus
reaction processes with pre-equilibrium reactions as an inter-
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mediate phenomenon between those two. For these reac-
tion models to correctly predict nuclear reaction observ-
ables, they need to be combined with nuclear structure infor-
mation, in particular nuclear masses, deformation param-
eters, discrete level information, level densities, photon
strength functions, optical potentials and fission paths. All
the aforementioned models have been modernized by the
nuclear physics community in the past decades and the pur-
pose of this paper is to show that these models, includ-
ing most of the essential refinements, have been imple-
mented into one consistent computational scheme called
TALYS.

Besides the gradual advance in nuclear theories and the
availability of more and more precise experimental data for
their validation, an important revolution for nuclear reac-
tion modeling that has taken place in the past decades is the
exponential increase in computer power, in particular for the
possibility

e to analyze not only one nuclear reaction channel, but all
competing reaction reaction channels, for many energies
and nuclides simultaneously,

e to implement nuclear models with less and less approxi-
mations,

e to obtain basic ingredients for nuclear reaction calcula-
tions from fundamental nuclear structure models,

e toimplement nuclear models in a readable and structured
way enabling future generations of computer scientists to
understand and reuse them,

e to use a more systematic, standardized interface for data
to other software, enlarging the possibilities and applica-
tions for nuclear reaction model codes.

The above outline of the essentials of nuclear reac-
tion modeling provided the motivation to develop TALYS,
which is a computer program for the analysis and predic-
tion of nuclear reactions that involve photons, neutrons, pro-
tons, deuterons, tritons, He- and alpha-particles as pro-
jectiles, in the 0-200 MeV energy range for almost the
entire nuclide chart. We have implemented a large suite
of nuclear reaction models into a single software package
to ensure that this entire particle-nuclide-energy domain is
covered.

There are two main purposes of TALYS, which are
strongly connected. First, it is a nuclear physics tool that
can be used for the analysis of nuclear reaction experiments.
The interplay between experiment and theory gives us insight
in the fundamental interaction between particles and nuclei,
and precise measurements enable us to constrain our mod-
els. In return, when the resulting nuclear models are believed
to have sufficient predictive power, they can give an indica-
tion of the reliability of measurements. Currently, TALY S has
been used, or atleast cited, in about 6000 different papers, and
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Fig. 1 Current segmentation of TALYS publications by application
area

a significant part of them concerns the analysis of existing or
new measurements. It is clear that our software project would
be nowhere without an extensive and high-quality experi-
mental database for validation of nuclear models and their
parameters.

After the nuclear physics stage comes the second func-
tion of TALYS, namely as a nuclear data tool. Either in
a default mode, when no measurements are available, or
after fine-tuning adjustable parameters of the various reac-
tion models to match experimental data, TALYS can gener-
ate nuclear data for all open reaction channels, on a user-
defined projectile-target-energy-angle grid. Accurate, reli-
able nuclear data is essential for existing and new nuclear
technologies. Important applications that rely directly or indi-
rectly on data generated by nuclear reaction simulation codes
like TALYS are: the entire fuel cycle of conventional and
future nuclear power reactors, medical isotope production,
nuclear fusion, accelerator applications, various branches of
astrophysics, space applications, homeland security, radio-
therapy, single-event upsets in microprocessors, geophysics
and many more. Figure 1 gives an arbitrary division of the
current use of TALY'S in various fields.

The TALYS code project started around 2000, when two
research organisations, NRG Petten, the Netherlands and
CEA-DAM Bruyeres-le-Chitel, France, decided to imple-
ment their combined knowledge of nuclear models into one
single software package. Since then, virtually all TALYS
development has taken place at NRG and CEA-DAM, later
also at the Université Libre de Bruxelles (Belgium), and in
recent years at the JAEA in Vienna.

In its first decade, the development of TALYS used to
follow the “first completeness, then quality” principle. With
that, we certainly never suggested that we were using toy
models to arrive at some quick and dirty results, since sev-
eral reaction mechanisms coded in TALYS are based on
sophisticated theoretical models whose implementation is
only possible with the current-day computer power. It rather
means that, in our quest for completeness, we try to divide

@ Springer
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our effort equally among all nuclear reaction types. The pre-
cise description of all possible reaction channels in a sin-
gle calculational scheme is such an enormous task that we
have chosen, to put it bluntly, not to devote several years
to the theoretical research and absolutely perfect implemen-
tation of one particular reaction channel which accounts
for only a small part of the total reaction cross section.
Instead, we aim to enhance the quality of TALYS equally
over the whole application range and always search for
the largest shortcoming that remains after the last improve-
ment. We now think that “completeness and quality” has
been accomplished for several important parts of the pro-
gram. The reward of this approach is that with TALYS we
can cover the whole path from fundamental nuclear reac-
tion models to the creation of complete data libraries for
nuclear applications, with the obvious side note that the
implemented nuclear models will always need to be upgraded
using better physics. An additional objective since the begin-
ning of TALYS development is full transparency of the
implemented nuclear models, in other words, an understand-
able source program, and coding structure as modular as
possible.

The idea to construct a computer program that gives a
simultaneous prediction of many nuclear reaction channels,
rather than a very detailed description of only one or a few
reaction channels, is not new. Well-known examples of all-in-
one open source codes from the past century are GNASH [1],
ALICE [2], STAPRE [3], and EMPIRE [4]. They have been,
and are still, used not only for research but also for the cre-
ation of the nuclear data libraries that exist around the world.
All these codes have helped to shape the ideas for the devel-
opment of TALYS.

TALYS is newer in the sense that it has been written
entirely from scratch in the 21st century (with the excep-
tion of one very essential module, the coupled-channels code
ECIS-06 [5]), using a consistent set of programming proce-
dures and a strong focus on validation and reproducibility.
To complete our list of nuclear model reaction codes we also
mention other important codes of the past decades which
are currently in use: CoH3 [6], Ccone [7] and YAHFC [8],
which like TALY'S are designed around the optical and statis-
tical model. To our knowledge, not all these codes are (yet)
open source however.

What probably sets TALYS apart is the very large user
database, currently leading to more than 6000 publications
in which TALYS is cited, and which also provided feedback
over the years to help us make the code more user-friendly
and robust.

As specific features of the TALY'S package we mention

e In general, an exact implementation of many of the lat-

est nuclear models for direct, compound, pre-equilibrium
and fission reactions.

@ Springer

A continuous, smooth description of reaction mecha-
nisms over a wide energy and mass range. A safe state-
ment is that these limits are 0.001-200 MeV and 12 <
A < 3309, but it is computationally possible to go beyond
that.

Completely integrated optical model and coupled-
channels calculations by the ECIS-06 code [5].
Incorporation of optical model parameterisations for
many nuclei, both phenomenological, optionally includ-
ing dispersion relations, and microscopic, and for
actinides from the IAEA Reference Input Parameter
Library [9] (RIPL).

Total and partial cross sections, energy spectra, angular
distributions, double-differential spectra and recoils.
Discrete and continuum photon production cross sec-
tions.

Excitation functions for residual nuclide production,
including isomeric cross sections.

An exact modeling of exclusive channel cross sections,
e.g. (n, 2np), and spectra.

Automatic reference to nuclear structure parameters as
masses, discrete levels, resonances, level density parame-
ters, deformation parameters, fission barrier and gamma-
ray parameters, generally from the RIPL database but
also beyond that.

Various width fluctuation models for binary compound
reactions and, at higher energies, multiple Hauser-
Feshbach emission until all reaction channels are closed.
Various phenomenological and microscopic models for
ground-state properties, level densities, photon strength
functions, optical model potentials, and fission proper-
ties.

Various fission models to predict cross sections, fission
fragment and product yields, neutron and gamma multi-
plicities, and prompt fission neutron and gamma spectra.
Models for pre-equilibrium reactions, and multiple pre-
equilibrium emission up to any order.

Generation of parameters for the unresolved resonance
range.

Reconstruction of resonance range into pointwise cross
sections using tabulated resonance parameters.
Calculation of astrophysical reaction rates based on a
Maxwell-Boltzmann distribution for incident projectiles
(or a Planck distribution for incident photons).

Option to start with an excitation energy distribution
instead of a projectile-target combination, helpful for
coupling TALYS with intranuclear cascade codes or fis-
sion fragment analyses, or for calculating 8-delayed pro-
cesses.

Use of systematics if an adequate theory for a particular
reaction mechanism is not yet available or implemented,
or simply as a predictive alternative for more physical
nuclear models.
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e Medical isotope production yields as a function of accel-
erator energy and beam current.

e Output files for automatic generation of nuclear data in
ENDF-6 format [10] using the TEFAL program [11].

e Flexible input and output to enable automatic optimiza-
tion to experimental data and generation of covariance
data by the TASMAN program [11] using Monte Carlo
techniques.

e A transparent source program.

e Input/output communication that is easy to use and under-
stand.

e An extensive tutorial and descriptive manual.

e A large collection of sample cases.

e Publicly available, regularly updated, and major upgrades
bi-annually released.

The last 7 items in the above list will not be further dis-
cussed in the remaining Sections of this paper, since this is not
atutorial buta TALYS review paper, focussing on the physics.
The central message is that we always provide a complete set
of answers for a nuclear reaction, for all open channels and
all associated cross sections, spectra, angular distributions,
etc. It depends on the current status of nuclear reaction the-
ory, and our ability to implement that theory, whether these
answers are generated by sophisticated physical methods or
by a simpler empirical approach.

This paper consists globally of three parts:

e Nuclear reaction models
In Sect. 2 we will first give a global introduction of
TALYS, including a general discussion of nuclear reac-
tions and the types of observables that can be obtained.
After that we will focus on the nuclear reaction models:
the optical model in Sect. 3, direct reactions in Sect. 4,
compound nucleus reactions in Sect. 5, pre-equilibrium
reactions in Sect. 6, direct capture in Sect. 7, and multiple
emission in Sect. 8.

e Nuclear structure ingredients
Nuclear structure models for masses and deformations
are discussed in Sect. 9, discrete levels in Sect. 10, level
densities in Sect. 11, photon strength functions in Sect. 12
and fission in Sect. 13.

e TALYS applications
Astrophysics will be discussed in Sect. 15 and fission
yields in Sect. 14. An illustration of the use of TALYS
for several nuclear reaction calculations will be given in
Sect. 16. The use of TALY'S in a wider application system
will be discussed in Sect. 17.

We end this paper with an outlook in Sect. 18.

2 Nuclear reactions

An outline of the general theory and modeling of nuclear
reactions can be given in many ways. A common classifi-
cation is in terms of time scales: short reaction times are
associated with direct reactions and long reaction times with
compound nucleus processes. At intermediate time scales,
pre-equilibrium processes occur. An alternative, more or less
equivalent, classification can be given with the number of
intranuclear collisions, which is one or two for direct reac-
tions, a few for pre-equilibrium reactions and many for com-
pound reactions, respectively. As a consequence, the cou-
pling between the incident and outgoing channels decreases
with the number of collisions and the statistical nature of the
nuclear reaction theories increases with the number of colli-
sions. Figures 2 and 3 explain the role of the different reaction
mechanisms during an arbitrary nucleon-induced reaction in
a schematic manner. They will all be discussed in this paper.

The collection of nuclear models and their inputs are sum-
marized in the TALYS flowchart of Fig. 4. After the discus-
sion of the basic reaction mechanisms below, we return to
the most important theoretical aspects of the nuclear models
implemented in TALYS in later sections.

When discussing nuclear reactions in the context of a com-
puter code, as in this paper, a different starting point is more
appropriate. We think it is best illustrated by Fig. 5. A par-
ticle incident on a target nucleus will induce several binary
reactions which are described by the various competing reac-
tion mechanisms that were mentioned above. The end prod-
ucts of the binary reaction are the emitted particle and the
corresponding recoiling residual nucleus. In general this is,
however, not the end of the process. A total nuclear reaction
may involve a whole sequence of residual nuclei, especially

Nuclear Reaction Mechanisms Particle Spectra

1
1
1
+ Elastically Sca
! ticles
iSSi Particles
Shape Fission :
plste Multiple 1
Compound !
Compound 1pol :
Fissi Elastic Emission '
ission .
1 low-E hump (C)
1
ﬁ I
- T
1
Projectile !
1
Multiple '
Pre-Eq.
Emission
T high-E tail (P)
Reaction

Direct

discrete peaks (D)

Fig. 2 The role of direct, pre-equilibrium and compound processes in
the description of a nuclear reaction and the outgoing particle spectra.
The C, P and D labels correspond to those in Fig. 3
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Compound Pre-equilibrium Direct

<——reaction time

Fig. 3 Schematic drawing of an outgoing particle spectrum. The
energy regions to which direct (D), pre-equilibrium (P) and compound
(C) mechanisms contribute are indicated. The dashed curve distin-
guishes the compound contribution from the rest in the transitional
energy region

at higher energies, resulting from multiple particle emission.
All these residual nuclides have their own separation ener-
gies, optical model parameters, level densities, fission bar-

taken into account along the reaction chain. The implemen-
tation of this entire reaction chain forms the backbone of
TALYS. The program has been written in a way that enables
aclear and easy inclusion of all possible nuclear model ingre-
dients for any number of nuclides in the reaction chain. Of
course, in this whole chain the target and primary compound
nucleus have a special status, since they are subject to all
reaction mechanisms, i.e. direct, pre-equilibrium, compound
and fission and, at low incident energies, width fluctuation
corrections in compound nucleus decay. Also, at incident
energies below a few MeV, only binary reactions take place
and the target and compound nucleus are often the only two
nuclei involved in the whole reaction. Historically, it is for
the binary reactions that most of the theoretical methods have
been developed and refined, mainly because their validity,
and their relation with nuclear structure, could best be tested
with exclusive measurements. In general, however, Fig. 5
should serve as the illustration of a total nuclear reaction at
any incident energy. The projectile, in this case a neutron, and
the target (Z¢, Nc — 1) form a compound nucleus (Z¢, N¢)
with a total energy

riers, gamma strength functions, etc. that must properly be E'" = Ecy + Su(Zen, Nen) + ES, (D
| TALYS
Physical Reaction Multiple
parameters models emission -/

Nuclear Structure (RIPL-3)

- Masses
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- Fission barrier parameters N - Fission fragment de- Output files per reaction
~ 400 keywords - DWBA CPEEE channel
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- Vibrational

- Fission fragment
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» Angular distribution
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Fig. 4 Schematic illustration of TALY'S flowchart, including input, nuclear models, and output of TALYS. See text for more details
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max

max
E, (Z-zN zn)

Fig. 5 Schematic representation of a neutron-induced reaction on a
nucleus (Z.,N. — 1). The dashed arrow represents the incident channel,
while the continuous arrows represent the various decay possibilities.
E’"“* denotes the maximal excitation energy possibly reached in each
residual nucleus and Sy the particle separation energy for particle k.
For each nucleus a few discrete levels are drawn, together with a few
continuum energy bins. Spin and parity degrees of freedom are left out
of this figure for simplicity. Fission is indicated by an f

where Ecys is the incident energy in the CM frame, S, is
the neutron separation energy of the compound nucleus, and
Eg the excitation energy of the target, which is often zero,
i.e. representing the ground state. The compound nucleus
is described by a range of possible spin (J) and parity (IT)
combinations, which for simplicity are left out of Fig. 5.
From this state, transitions to all open channels may occur by
means of direct, pre-equilibrium and compound processes.
The residual nuclei formed by these binary reactions may be
populated in the discrete level part and in the continuum part
of the available excitation energy range. In Fig. 5, we have
only drawn three binary channels, namely the (Z¢, N¢ — 1),
(Zc — 1, N¢) and (Z¢ — 1, N¢ — 1) nuclei that result from
binary neutron, proton and deuteron emission, respectively.
Each nucleus is characterized by a separation energy per pos-
sible ejectile. If the populated residual nucleus has a maximal
excitation energy E7'“*(Z, N) that is still above the sepa-
ration energies for one or more different particles for that

nucleus, further emission of these particles may occur and
nuclei with lower Z and N will be populated. At the end of
the nuclear reaction (left bottom part of Fig. 5), all the reac-
tion population is below the lowest particle separation energy,
and the residual nucleus (Z¢ — z, N¢ — n) can only decay to
its ground or isomeric states by means of gamma decay. In
a computer program, the continuum must be discretized in
excitation energy (E) bins. We can take these bins equidis-
tant (the default) or non-equidistant, although we already
want to stress the important fact here that the emission energy
grid for the outgoing particles is non-equidistant in TALYS.
After the aforementioned binary reaction, every continuum
excitation energy bin will be further depleted by means of par-
ticle emission, gamma decay or fission. Computationally, this
process starts at the initial compound nucleus and its highest
energy bin, i.e. the bin just below E"**(Zc, N¢) = E'™,
and subsequently in order of decreasing energy bin/level,
decreasing N and decreasing Z. Inside each continuum bin,
there is an additional loop over all possible J and IT, whereas
for each discrete level, J and IT have unique values. Hence,
a bin/level is characterized by the set {Z, N, E,, J, I1} and
by means of gamma or particle emission, it can decay into
all accessible {Z', N’, E,+, J’, I’} bins/levels. In this way,
the whole reaction chain is followed until all bins and levels
are depleted and thus all channels are closed. In the process,
all particle production cross sections and residual production
cross sections are accumulated to their final values.

In the rest of this Section, we will zoom in on the various
parts of Fig. 5 to describe the various stages of the reaction,
depending on the incident energy, and we will mention the
nuclear reaction mechanisms that apply.

2.1 Observables

After this short introduction of the sequence of particle emis-
sion, it is appropriate to list all the different observables that
TALYS can calculate. As output, for a single projectile +
target combination and a range of incident energies, TALYS
produces cross sections (assuming incident neutrons here,
but similar for other all other projectiles) for:

e total (n, tot), elastic (n, el), reaction (n, reac) and non-
elastic (n, non) reactions,

e radiative capture channel (n, y),

e single particle production channels (n, n'), (n, p), (n, d),
(n,1), (n, h), (n,a),

e discrete level inelastic reactions, (n, n}), (n, n), etc. and
the continuum (n, n.,,), and similarly for all other ejec-
tiles,

e multi-particle reactions (n, 2n), (n, np), etc,

e total fission (n, f) reaction and its subdivision into first,
second, etc. chance partial fission,
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e residual production (7, x)fZ‘El, mostly relevant at higher
energies, as far as not yet covered by the exclusive chan-
nels mentioned above,

e production of the ground state and isomers, if present,
e.g. (n, n’)g(g)El, (n, n’)é(m)El, and similarly for all other
channels and residual production at higher energies, e.g.

A(m)
(p,x); " EL

e total particle production (n, xn), (n, xp), etc, mostly rel-

evant at higher energies.

As for secondary distributions, TALYS produces:

e the elastic scattering angular distribution,

e the angular distributions for inelastic scattering per dis-
crete level, and similarly for the other ejectiles,

e double-differential emission spectra for all outgoing par-
ticles,

e recoil distributions for the residual nuclides,

e particle production yields,

e discrete and continuum gamma-ray distributions for all
open channels, including gamma production cross sec-
tions.

This is a rather complete list of nuclear reaction observables
which can be validated with the associated experimental data.
Moreover, this output is required to fill a complete nuclear
data library in the fast energy range for technological appli-
cations. The capabilities of TALY'S do not stop here however.
Additional simulated quantities are:

e Maxwellian-averaged cross sections (MACS) and astro-
physical reaction rates,

e fission yields, isomeric ratios and related neutron and
gamma observables: average total number of prompt fis-
sion neutrons, v, per mass, V(A), and per number, P(v),
prompt fission neutron and gamma spectra(PFNS and
PFGS, respectively), etc,

e reproduction of pointwise cross sections from resonance
parameters,

e production yields and spectra from an excited nucleus as
starting condition, i.e. without specifying a projectile,

e complete tables of nuclear structure information: discrete
level scheme, level densities, photon strength functions
and fission properties, optical potentials, etc..

2.2 Reaction mechanisms

In the projectile energy range between 1 keV and several hun-
dreds of MeV, the importance of a particular nuclear reaction
mechanism appears and disappears upon varying the incident
energy. We will now describe the particle decay scheme that
typically applies in the various energy regions. Because of
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the Coulomb barrier for charged particles, it will be clear
that the discussion for low-energy reactions usually con-
cerns incident neutrons. In general, however, what follows
can be generalized to incident charged particles. The energy
ranges mentioned in each paragraph heading are just meant
as helpful indications, which apply to a typical medium mass
nucleus.

2.2.1 Low energies

Elastic scattering and capture (E < 0.2 MeV)

If the energy of an incident neutron is below the excitation
energy of the first inelastic level, and if there are no (n, p),
etc. reactions that are energetically possible, then the only
reaction possibilities are elastic scattering, neutron capture
and for actinides, fission. At these low energies, only the
(Zc, Nc — 1) and (Z¢, N¢) nuclides of Fig. 5 are involved,
see Fig. 6. First, the shape (or direct) elastic scattering cross
section can directly be determined from the optical model,
which will be discussed in Sect. 3. The compound nucleus
is formed at one single energy E'”" = E"%*(Z¢, N¢) and a
range of J, [1-values. This compound nucleus either decays
by means of compound elastic scattering back to the ini-
tial state of the target nucleus, or by means of neutron cap-
ture, after which gamma decay follows to the continuum and
to discrete states of the compound nucleus. The competi-
tion between the compound elastic and capture channels is
described by the compound nucleus theory, which we will
discuss in Sect. 5. It should be clear that this model only cov-
ers the case where the levels in the compound nucleus have a
dense spacing, which generally holds for a few to a few tens of
keV of incident neutron energy. At lower energies, resonance
reaction theory applies. The elastic and capture processes
comprise the first binary reaction. To complete the descrip-
tion of the total reaction, the excited (Z¢, N¢) nucleus, which
is populated over its whole excitation energy range by the pri-
mary gamma emission, must complete its decay. The highest
continuum bin is depleted first, for all J and IT. The sub-
sequent gamma decay increases the population of the lower
bins, before the latter are depleted themselves. Also, contin-
uum bins that are above the neutron separation energy S,, of
the compound nucleus contribute to the feeding of the (n, yn)
channel. This results in a weak continuous neutron spectrum,
even though the elastic channel is the only true binary neu-
tron channel that is open. The continuum bins and the discrete
levels of the compound nucleus are depleted one by one, in
decreasing order, until the ground or an isomeric state of the
compound nucleus is reached by subsequent gamma decay.
If a nuclide is fissile, fission may compete as well, both from
the initial compound state E'**(Z¢, N¢) and from the con-
tinuum bins of the compound nucleus, the latter resulting
ina (n, yf) cross section. Both contributions add up to the
so-called first-chance fission cross section.



Eur. Phys. J. A (2023) 59:131

Page 9 of 85 131

Fig. 6 Same as Fig. 5 for the neutron-induced reaction at low energy.
The dashed arrow represents the incident channel, while the contin-
uous arrow represents the elastic channel. The only possibilities are
elastic scattering and capture of the neutron in the compound nucleus,
with subsequent decay to the ground state or an isomeric state of the
compound nucleus. A small part of the population may decay back to
the target nucleus by means of the (n, yn) channel (dotted arrow). For
fissile nuclei, fission may be another open channel

Inelastic scattering to discrete states (0.2 < E < 4 MeV)
Atsomewhat higher incident energies, the first inelastic chan-
nels open up, see Fig. 7. Reactions to these discrete levels
have a compound and a direct component. The former is
again described by the compound nucleus theory, while the
latter is described by the Distorted Wave Born Approxima-
tion (DWBA) for spherical nuclei and by coupled-channels
equations for deformed nuclei, see Sect. 4. When the inci-
dent energy crosses an inelastic threshold, the compound
inelastic contribution generally rises rapidly and predomi-
nates, whereas the direct component increases more grad-
ually. Obviously, the elastic scattering, capture and fission
processes described in the previous subsection also apply
here. In addition, there is now gamma decay to an isomeric
state or the ground state in the target nucleus after inelastic
scattering. When there are several inelastic levels open to
decay, the compound contribution to each individual level is
still significant. However, the effect of the width fluctuation
correction on the compound cross section is already small in
this case, as will be outlined in Sect. 5.

2.2.2 High energies

Pre-equilibrium reactions (E > 4 MeV)

At higher incident energies, inelastic cross sections to both
the discrete states and the continuum are possible, see Fig. 5.
Like reactions to discrete states, reactions to the continuum
also have a compound and a direct-like component. The lat-

Fig. 7 Same as Fig. 6 for neutron-induced reaction at somewhat higher
energy. The dashed arrow represents the incident channel, while the
continuous arrows represent the decay possibilities. In addition to the
possibilities sketched in Fig. 6, there is now inelastic scattering followed
by gamma decay in the target nucleus

ter are usually described by pre-equilibrium reactions which,
by definition, include direct reactions to the continuum. They
will be discussed in Sect. 6. Also non-elastic channels to other
nuclides, through charge-exchange, e.g. (n, p), and transfer
reactions, e.g. (n, o), generally open up at these energies,
and reactions to these nuclides can take place by the same
direct, pre-equilibrium and compound mechanisms. Again,
the channels described in the previous subsections also apply
here. In addition, gamma decay to ground and isomeric states
of all residual nuclides occurs. When many channels open
up, particle decay to individual states, e.g. compound elastic
scattering, rapidly becomes negligible. For the excitation of
a discrete state, the direct component now becomes predom-
inant, since that involves no statistical competition with the
other channels. At about 15 MeV, the toral compound cross
section, i.e. summed over all final discrete states and the
excited continuum, is however still larger than the summed
direct and pre-equilibrium contributions.

Multiple compound emission (E > 8 MeV)

At incident energies above about the neutron separation
energy, the residual nuclides formed after the first binary
reaction contain enough excitation energy to enable further
decay by compound nucleus particle emission or fission.
This gives rise to multiple reaction channels such as (n, 2n),
(n, np), etc. For higher energies, this picture can be gener-
alized to many residual nuclei, and thus more complex reac-
tion channels, see Fig. 5. If fission is possible, this may occur
for all residual nuclides, which is known as multiple chance
fission. All excited nuclides will eventually decay to their
isomeric and ground states.
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Multiple pre-equilibrium emission (E > 40 MeV)

At still higher incident energies, above several tens of MeV,
the residual nuclides formed after binary emission may con-
tain so much excitation energy that the presence of further
fast particles inside the nucleus becomes possible. These can
be imagined as strongly excited particle-hole pairs resulting
from the first binary interaction with the projectile. The resid-
ual system is then clearly non-equilibrated and the excited
particle that is high in the continuum may, in addition to the
first emitted particle, also be emitted on a short time scale.
This so-called multiple pre-equilibrium emission forms an
alternative theoretical picture of the intra-nuclear cascade
process, whereby now not the exact location and momentum
of the particles is followed, but instead the total energy of the
system and the number of particle-hole excitations (exciton
number). In TALYS, this process can be generalized to any
number of multiple pre-equilibrium stages in the reaction by
keeping track of all successive particle-hole excitations, see
Sect. 8.2. For these incident energies, the binary compound
cross section becomes small: the non-elastic cross section
is almost completely exhausted by direct reactions and pri-
mary pre-equilibrium emission. Of course, the reaction pro-
cess will end with multiple compound decay. Again, Fig. 5
applies.

2.3 Cross section definitions

In TALYS, cross sections for reactions to all open channels
are calculated. Although the types of most of these partial
cross sections are generally well known, it is appropriate to
define them for completeness and to outline the book-keeping
of the various cross sections, including all the sum rules they
obey. The particular nuclear models that are needed to obtain
the cross sections are described later in terms of more funda-
mental quantities. Unless otherwise stated, we use incident
neutrons as example in what follows and we consider only
photons (y), neutrons (n), protons (p), deuterons (d), tritons
(t), helium-3 particles (h) and alpha particles () as compet-
ing particles. Also, to avoid an overburdening of the notation
and the explanation, we will postpone the competition of
fission to the last part of this subsection.

Total cross sections

The most basic nuclear reaction calculation is that with the
optical model, which will be explained in more detail in
Sect. 3. Here, it is sufficient to summarize the relations that
can be found in many nuclear reaction textbooks, namely that
the optical model yields the reaction cross section o4 and,
in the case of neutrons, the total cross section oy, and the
shape-elastic cross section osjape—ei. They are related by

Otot = Oshape—el + Oreac- (2)
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If the elastic channel is, besides shape elastic scattering, also
fed by compound nucleus decay, the latter component is a
part of the reaction cross section and is called the compound
elastic cross section ocomp—er- With this, we can define the
total elastic cross section oy,

Oel = Oshape—el + Ocomp—el s 3)
and the non-elastic cross section 6,05 —el»

Onon—el = Oreac — Ocomp—el» @
so that we can combine these equations to give

Otot = O¢l + Onon—el - (5)

The last equation contains the quantities that can actually
be measured. We also note that the competition between
the many compound nucleus decay channels ensures that
Ocomp—el Tapidly diminishes for incident neutron energies
above a few MeV, in which case 0,,,,,—; becomes practically
equal to Oyeqc-

A further subdivision of the outcome of a nuclear reaction
concerns the breakdown of o;,,,,_;: this cross section con-
tains all the partial cross sections. For this we introduce the
exclusive cross sections, from which all other cross sections
of interest can be derived.

2.3.1 Exclusive cross sections

In this paper, we call a cross section exclusive when the out-
going channel is precisely specified by the type and number
of outgoing particles (plus any number of photons). Well-
known examples are the inelastic or (n, n’) cross section
and the (n, 2n) cross section, which corresponds with two,
and only two, neutrons (plus accompanying photons) in the
outgoing channel. We denote the exclusive cross section as
0% (in,ip,id,1s, in, i), where ii stands for the number of
ejectiles of type k. In this notation, where the incident par-
ticle is assumed implicit, e.g. the (n, 2np) cross section is
given by 0%*(2, 1, 0, 0, 0, 0), for which we will also use the
shorthand notation 0y, 2,,),. For a non-fissile nucleus, the sum
over all exclusive cross sections is equal to the non-elastic
Cross section

(oSN Ol S * "I Che o}

LD DI IIDIDD

in=0i,=0i3=0i,=01ip=0i,=0
aex(illsipaidvitvihvia)v (6)
where it should be understood that 6¢* (1, 0, 0, 0, 0, 0) is the

inelastic cross section oy, ,/, i.e. it does not include elastic
scattering.
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The precise calculation of exclusive cross sections and
spectra is a complicated book-keeping problem. We will
describe the exact formalism here. In what follows we use
quantities with a prime for daughter nuclides and quantities
without a prime for mother nuclides in a decay chain. Con-
sider an excitation energy bin or discrete level £, in a nucleus
(Z,N). Let P(Z, N, E,) represents the population of this
bin/level before it decays. Let sx(Z, N, E,, E,/) be the part
of the population that decays from the (Z, N, E,) bin/level
to the residual (Z’, N’, E,/) bin/level, whereby (Z, N) and
(Z', N') are connected through the particle type k, with the
index k running from y-rays up to a-particles. With these
definitions, we can link the various residual nuclides while
keeping track of all intermediate particle emissions. A spe-
cial case for the population is the initial compound nucleus
(Zc, Nc¢), which contains the entire initial reaction popula-
tion at its total excitation energy E7'“* (projectile energy +
binding energy), i.e.

P(Zc, Nc, E;mm) = Onon—el» @)

while the populations to all the other bins/levels are zero.
For the initial compound nucleus, sx(Zc, Nc, EV*, Ey/)
represents the binary feeding to the excitation energy bins of
the first set of residual nuclides. This term generally consists
of direct, pre-equilibrium and compound components.

The population of any bin in the decay chain is equal to
the sum of the decay parts for all particles that can reach this
bin from the associated mother bins, i.e.

2 2

k=y.n,p,d,t,h,a i
sk(Z, N, Ex(i), Ex (i), 3

P(Z',N', Ex(i") =

where the sum over i runs over discrete level and contin-
uum energy bins in the energy range from E, (i") + Sk to
E"4*(Z, N), where S is the separation energy of particle
k so that the sum only includes decay that is energetically
allowed, and EJ'**(Z, N) is the maximum possible excita-
tion energy of the (Z, N) nucleus. Note again that the particle
type k determines (Z, N).

To obtain the exclusive cross sections, we need to start with
the initial compound nucleus and work our way down to the
last nucleus that can be reached. First, consider a daughter
nucleus (Z’, N') somewhere in the reaction chain. We iden-
tify all exclusive channels (i, ip, 14,1, 15, 1y) that lead to
this residual (Z’, N’) nucleus, i.e. all channels that satisfy

in +ig 4+ 2i; +ip +2ig = Nc — N’
ip+ig+is+2ip+2iqg=Zc—Z. 9

For each of these channels, the inclusive cross section per
excitation energy bin, S, is equal to the sum of the feeding

from all possible mother bins, i.e.

Slinsipyidsinins i E(@) = Y
k=y,n,p,d,t,h,a
3 SN ExD) Ex (i)
P(Z, N, Ex(i))

XS(in — Sk, ip — Opk» id — Sak» it — Sk, in — Snks
ig — Sak» Ex (i), (10)

where we introduce Kronecker delta’s, with characters as
subscript, as

Sur = 1 if k =n (neutron)

= (0, otherwise, (11)

and similarly for the other particles. Note that S is still
inclusive in the sense that it is not yet depleted for further
decay. The summation runs over the excitation energies of
the mother bin from which decay into the E, (i) bin of the
residual nucleus is energetically allowed. Feeding by gamma
decay from bins above the (Z’, N’, E,/(i")) bin is taken into
account by the k = y term, in which case all of the Kronecker
delta’s in Eq. (11) are zero.

With Eq. (7) as initial condition, the recursive procedure is
completely defined. For a fixed nucleus, Eq. (10) is calculated
for all excitation energy bins, in decreasing order, until the
remaining population is in an isomeric or ground state of
the nucleus. When there is no further decay possible, the
exclusive cross section per ground state/isomer, numbered
by i, can be identified,

Giex(in’ ipa ida ila iha lDt) = S(lna ip, id7 it’ ih’ i0(7 El) (12)

The total exclusive cross section for a particular channel is
then calculated as

ex /. . . .. . z :
o (lnylpsldallvlhslot) =

i=0,isomers
O—[ex(inaipaidail‘aihviol)- (13)

The procedure outlined above automatically sorts and
stores all exclusive cross sections, irrespective of the order
of particle emission within the reaction chain. For example,
the (n, np) and (n, pn) channels are automatically added.
The above formalism holds exactly for an arbitrary number
of emitted particles.

We stress that keeping track of the excitation energy E
throughout this formalism is essential to get the exact exclu-
sive cross sections for two reasons:

(1) the exact determination of the branching ratios for exclu-
sive isomeric ratios. The isomeric ratios for different
exclusive reactions that lead to the same residual product,
e.g. (n,np) and (n, d), both leading to (Z¢c — 1, N¢c — 1),
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are generally different from each other and thus also from arf,”n'ft = o}fffq + o;’”n'il’wmp . (17)

the isomeric ratios of the total residual product. Hence, it
would be an approximation to apply isomeric branching
ratios for residual products, obtained after the full reac-
tion calculation, a posteriori on the exclusive channels.
This is avoided with our method,.

(i1) theexclusive spectra, which we will explainin Sect. 2.4.2.

When TALYS computes the binary reaction models and the
multiple pre-equilibrium and Hauser-Feshbach models, it
stores both P(Z, N, Ey) and sg(Z, N, E,, E,/) for all resid-
ual nuclei and particles. This temporary storage enables us
to first complete the full reaction calculation, including all
its physical aspects, until all channels are closed. Then, we
turn to the exclusive cross section and spectra problem after-
wards. It can thus be considered as an isolated book-keeping
problem.

2.3.2 Binary cross sections

Some of the exclusive channels need, and get, more attention
than others. The exclusive binary cross sections, for reac-
tions that are characterized by one, and only one, particle out
are special in the sense that they comprise both discrete and
continuous energy transitions. Inelastic scattering can occur
through both direct collective and compound transitions to
the first few excited levels and through pre-equilibrium and
compound reactions to the continuum. Let us assume that
for a target nucleus the basic structure properties like spin,
parity, etc. of the first N levels are known. Then, the inelastic
cross section, o, , is the sum of the total discrete inelastic

cross section o}f”f,“ and the continuum inelastic cross section

cont
(o8 ’
n,n

disc cont
Un,n’ = Un,n’ + O’n7n/ ) (14)

where o;llns," is the sum over the inelastic cross sections for
all the individual discrete states

N
. .
olise = "0} (15)
i=1

A further breakdown of each term is possible by means of
reaction mechanisms. The inelastic cross section for each
individual state i has a direct and a compound contribution:

i i,direct +

g =0
n,n’ n,n’

i,com
Gn,n’ p’ (16)
where the direct component comes from DWBA or coupled-
channels calculations, see Sect. 4. Similarly, for the inelas-
tic scattering to the continuum we can consider a pre-
equilibrium and a compound contribution
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The set of definitions (Egs. 14-17) can be given in a com-
pletely analogous way for the other binary channels o, p,
ie. 09%(0,1,0,0,0,0), 0n.a, Ons Onn and oy o. For the
depletion of the reaction population that goes into the pre-
equilibrium channels, which will be discussed in Sect. 6, it is
helpful to define here the total discrete direct cross section,

disc,direct idirect
ogdisc.direct _ Z Z On,k . (18)

i k=n',p,d,t ha

‘We mention here that the entire formalism above also applies
to so-called super-elastic scattering, in which the target
nucleus is in an excited state, transfers its energy to the pro-
jectile and falls back to the ground state. Finally, we also con-
sider an alternative division for the non-elastic cross section.
It is equal to the sum of the inclusive binary cross sections

Z O_l;'fzkc,bin’ (19)

k=y,n',p,d,t.h,a

Onon—el =

where again at the present stage of the outline we do not
consider fission and ejectiles heavier than «-particles. This
is what we actually use in the inclusive nuclear reaction cal-
culations. With the direct, pre-equilibrium and compound
models, several residual nuclides can be formed after the
binary reaction, with a total population per nucleus that is
equal to the terms of Eq. (19). The residual nuclides then
decay further until all channels are closed. Note that o-¢-bi"
is not a “true” cross section in the sense of a quantity for a
final combination of a product and light particle(s).

2.3.3 Total particle production cross sections

Especially for incident energies higher than about 10 MeV,
it is appropriate to define the composite or total neutron pro-
duction cross section, o, x,. It can be expressed in terms of
the exclusive cross sections as follows

o o o o (e.¢] oo

an,xn=ZZZZZZ

in=0ip=0i4=0i;=0ip=0i,=0
inoex(inrip9id’ilaihaiot)v (20)

i.e. in the more common notation,
On,xn = O + 25n,2n + Onnp + 20n,2np + ... 21

Again, o, x, is not a true cross section since the incident and
outgoing channels are not exactly defined by its individual
reaction components. The neutron multiplicity, or yield, Y,
is defined as

On,xn

Y, = (22)

Onon—el
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Similarly, the total proton production cross section, oy, yp is
defined as

oo 0 X X 0 X

(EEDIDIDIDIPIPD

in=01ip=0ig=0i=0i,=0 iy =0

ipaex(in’ipﬂidvilvihﬂiol)’ (23)

and the proton multiplicity, or yield, Y, is defined as

Y, = Onxp (24)

9
Onon—el

and similarly for the other particles. We note that we do not, in
practice, use Eq. (20) to calculate the composite particle pro-
duction cross section. Instead, we first calculate the inclusive
binary cross section of Eq. (19) and then, during the deple-
tion of each residual nucleus by further decay we directly
add the reaction flux, equal to the sx (Z, N, E, E,/) term of
Eq. (8), t0 0y xn» O xp» €tc. This procedure has already been
sketched in the multiple decay scheme at the beginning of
this Section.

2.3.4 Residual production cross sections

We can define another important type of derived cross sec-
tion using the exclusive cross section, namely the residual
production cross section o poq. All exclusive cross sections
with the same number of neutron and proton units in the
outgoing channel sum up to the same residual nucleus pro-
duction cross section for the final nucleus (Z, N), i.e.

TS 3 3 3 3)

in=0ip,=0i3=0i;=0i,=0i,=0

Gex(invipvidsit9ihvia)5N(SZv (25)
where the Kronecker delta’s are defined by

Sy =11if iy +ig+2i;+ip+2ig=Nc—N
= (0 otherwise,
Sz=11f ip+ig+i +2ip+2ia=2Zc—-Z
= 0 otherwise, (26)

where the first compound nucleus that is formed from the
projectile and target nucleus is denoted by (Zc, N¢). As
an example, consider the n 4+ °Fe — *Mn +x reac-
tion. The exclusive cross sections that add up to the **Mn
production cross section are 0y 2up, Onnd, and oy, Or
0%(2,1,0,0,0,0),0%(1,0,1,0,0,0), and ¢*(0, 0, 0, 1,
0, 0), respectively.

Since all exclusive cross sections contribute to the residual
production cross section for one nuclide (Z, N) only, Eq. (6)
automatically implies

Onon—el = Z Z Uprod(Zv N). 27

Z N

Similar to Eq. (13), Eq. (25) is separated per isomer

o o o0 o0 o0 o0
OprodiZN) =D D D D2
ip=0ip,=0i3=0i,=0i,=0i,=0

0 (in, ip, id, is, 1, ia)SNSZ, (28)

and the equivalent of Eq. (13) is

Oprod(Z.N) = > Oproai(Z. N). (29)

i=0,isomers

Also here, we do not calculate 0,04 and oproq,; using
Egs. (25) and (28), although optionally TALYS includes it
as a numerical check in the output for residual nuclides close
to the target. Analogous to the total particle production, we
determine the residual production cross section, for both the
isomers and the ground state, after the complete decay of
each nucleus by means of an inclusive calculation.

2.3.5 Gamma-ray production cross sections

As mentioned at the end of Sect. 2.3.1, while the reaction
flux goes through the entire decay chain, TALYS also does
the book-keeping of all gamma decays between discrete lev-
els via branching ratios (to be discussed in Sect. 10). This
means we have the decay branches s, (Z, N, Ep, Ep) for
any nuclide, where Ep and Ep are the excitation energies
of the parent and daughter level, respectively. Again, this
is computed for exclusive and inclusive cross sections and
any pair of P and D which are connected through non-zero
branching ratios, e.g. for a}i"rf,cy(P — D), c%5¢ (P — D)

n,2ny
etc. and also for o r0q,,(Z, N)(P — D).

2.3.6 Fission cross sections

For clarity, we have kept the fission channel out of the discus-
sion so far. The generalization to a picture in which fission is
possible is however not too difficult. For fissile nuclides, the
first expression that needs generalization is that of the non-
elastic cross section expressed as a sum of exclusive cross
sections, Eq. (6). It reads

[o.<lENe SN e ol S HNe e o)

Onon—el = Z Z ZZZ Z

in=0i,p=0i4=0i=0i,=0iy=0

O'ex(in,ip,id,i[,ih,ia)+O'f, (30)

where the total fission cross section o is the sum over exclu-
sive fission cross sections
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[o.olNNe SR e o B¢ S HNe SN ]

or=2.2.2.2.2. 2.

in=01ip=0i4=0i;=0i,=0iy=0
(D

where aj‘ix(in, ip,id,ir,ip,iq) TEpresents the cross section
for fissioning after the emission of i, neutrons, i, protons,
etc. Well-known special cases are 0, f = GJ‘}" (0,0,0,0,0,0),
Ounf = a;"(l, 0,0,0,0,0) and 0y 0,5 = (T;X(Q,, 0,0,0,
0, 0), which are also known as first-chance, second-chance
and third-chance fission cross section, respectively. Equa-
tion (31) is more general in the sense that it also includes cases
where particles other than neutrons can be emitted before the
residual nucleus fissions, e.g. (n, npf), which may occur at
higher incident energies.

The generalization of the non-elastic cross section of
Eq. (19) is

mc bin bi
Onon—el = E Opk +o fzn’
k=y,n’,p,d,t,h,a

ex /s . . .. .
Of (l)’h lp’ ld, 1ty Lh, lot)s

(32)

where 02" represents fission from the initial compound state.
Note that the fission term here excludes the (n, y f) process
since that is treated as a subchannel after the binary capture
reaction.
Analogous to Eq. (25), we can define a cross section for
each fissioning residual product
oo o o o o o0

222222

in=01ip=0i4=0i,=0i3=0 iy =0

olis 2N =

U;x(lnalp»ld,ltylh,la)SN(SZ (33)

At higher energies, the meaning of opr(fd(Z N) is more rel-
evant than the exclusive fission cross sections. Consequently,
for the total fission cross section we have

or =Y. ol (Z.N).
Z N

(34)

What remains to be explained is how aj‘ix is computed.
First, we need to add to Eq. (8) a term we denote by
sf(Z, N, Ex(i)), which is the part of the population that fis-
sions from the (Z, N, E,(i)) bin. Hence, for fissile nuclides
we have

P(Z,N, Ex(i)) = sf(Z, N, Ex(i))
+ Y Y sk(Z N EcG). Ev(i')).

k=y.n,p,d.t.ha i

(35)

where in this case the sum over i runs over discrete levels and
continuum bins from 0 to E, (i) — Si. The exclusive fission

cross section afe-" is

e . . . . . . Sf(ZﬂNaE)C(l))
oF (in, ip, id,ir, in, ia) = lZ PZN.ED)
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XS(in’ip’idvilvihviOlrEx(i))v (36)

where i runs from 0 to E'“*(Z, N). The rest of the calcula-
tion of the exclusive particle cross section proceeds exactly
as before. Equation (10) is now automatically depleted from
the fission cross section (36), in the sense that the s; terms
alone, summed over y and particles only, no longer add up
to the population P.

2.4 Spectra and angular distributions

In addition to cross sections, TALYS also computes energy
spectra, angular distributions and energy-angle distributions.

2.4.1 Discrete angular distributions

The elastic angular dlstrlbutlon has a direct and a com-

pound component:

do.el do.shapefel do.compfel
= + 9

ds2 ds2 ds2

(37

where the shape-elastic part comes directly from the opti-
cal model while the compound part comes from compound
nucleus theory. An analogous relation holds for inelastic scat-
tering to a single discrete state i

1 i,direct i,compound
do’i’n/ _ don,n/ N don,n, 38)
ds2 d2 ds2 ’

where the direct component comes from DWBA or coupled-
channels calculations. For charge exchange, we can write

do—l’l;,p d(f,l;:(f,irea da’l;,’cl‘lompound
= + , (39)
ds2 ds2 a2

and analogous expressions can be written for the other binary
reactions (n, d), etc.

Of course, the integration over solid angle of every angular
distribution defined here must be equal to the corresponding
cross section, e.g.

do idirect
Ul,dfrect _ ao n n'
n,n dQ

In the output of TALYS, we use a representation in terms of
outgoing angle and one in terms of Legendre coefficients, i.e.
Equation (37) can also be written as

(40)

del
a2

_ Z(Cshapc el + Cwmp LI)PL (cos ©), (41)
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where Py are Legendre polynomials. For inelastic scattering
we have

do.i , L .
dgn _ Z(Czdtrect + Czcomp)PL (cos ®), (42)
L

and similarly for the other binary channels. The Legendre
expansion is required for the storage of the results in nuclear
data libraries.

2.4.2 Exclusive spectra

An exclusive spectrum is not only specified by the exact num-
ber of emitted particles, but also by their outgoing energies.
In TALYS, exclusive spectra are calculated in the same
loops that take care of the exclusive cross sections. The inclu-
sive continuum spectra are obtained by taking the deriva-
tive of the inclusive cross sections per excitation energy of
Eq. (10) with respect to the outgoing particle energy Ej/,

Ey =E, — Ex(i") — Sp, 43)

where S/ is the separation energy for outgoing particle k.
Note that since the inclusive cross section per excitation
energy S depends on Ey via sy, the product rule of differen-
tiation applies to Eq. (10). Therefore, the inclusive spectrum
per excitation energy for an outgoing particle k" of a given
(in,ip,id,is,1p, 1ig) channel is

ds
a i v ins fa. Ex () = >
Z Sk(Zva Ex(i)»Ex’(i/))
P(Z, N, Ex(i))

k=y.n,p,d,t,h,a

ds . .
dEp sla = Sak, Ex(i))
dsi(Z, N, Ex(i), Ex (i)
K dEp
SCn — Snks -+ > ba — Stk Ex(l)):|
P(Z,N, Ex(i)) ’

X

(in_ank»~-~

+0

(44)

where, as initial condition, the derivatives of sy (Z¢, Nc,
EM* | Ey (i) are the binary emission spectra. The first term
on the right-hand side corresponds to the spectrum of the
feeding channel and the second term denotes the contribu-
tion of the last emitted particle. The calculation of Eq. (44)
can be done simultaneously with the exclusive cross section
calculation, i.e. we follow exactly the same recursive proce-
dure. The final exclusive spectrum for outgoing particle k’ is
given by

do®*
ﬁ(in’ip’idvilvih’ia)
k/
as . . . . ..
= E dT(ln’lp,ld,lt»lh»laaEi)a 45)
’
i=0,isomers k

The terms on the right hand side are the exclusive spectra per
ground state or isomer. The latter naturally result from our
method, even though only the total exclusive spectra of the
left hand side are of interest.

We stress that for a given (iy, ip, ig, ir, in, 1) channel,
Eq. (44) is calculated for every outgoing particle k' (i.e. n, p,
d, t, h and «). Hence, e.g. the (n, 2npo) channel is charac-
terized by only one exclusive cross section, 0y, 2,pq, but by
three spectra, one for outgoing neutrons, protons and alpha’s,
respectively, whereby all three spectra are constructed from
components from the first up to the fourth particle emission
(i.e. the o can have been emitted in each of the four stages).
In practice, this means that all spectra have a first order pre-
equilibrium component (and for higher energies also multi-
ple pre-equilibrium components), and a compound compo-
nent from multiple emission. Upon integration over outgoing
energy, the exclusive cross sections may be obtained,

ex s . . PR .
o (ll’lslpsldallalhslol)
1

i i I i i 1} Z
n T [7+ dtit i+l k'=n,p,d,t,h,a

dO.E.x
/‘dEk/E(inaipaid’itvihvia)' (46)

Finally, the exclusive fission cross sections are also accompa-
nied by spectra. For example, the first two neutrons emitted
in the (n, 2nf) channel (third-chance fission) are described
by an outgoing neutron spectrum. The exclusive spectrum of
outgoing particle k” in a fission channel is

do¢" sr(Z, N, Ex(i))
. . . . . . — f ’ ’ X
dEk/ (ln’lpaldvltalhalot) Z P(Z,N, Ex(l))

i

S
Xdi/(inaip’idaitvihvia)a (47)

while the exclusive particle spectra are again described by
Eq. (44). For double-differential spectra, the usual gener-
alization holds. We also repeat here that the total (observ-
able) fission cross section is always calculated by letting
reaction population go into the fission channel from each
(Z, N, E, J, IT) channel until all nuclides have ended up
in their ground or isomeric states, irrespective of the user
request for an exclusive channel calculation. Also, it should
be clear, the formalism described above does not include neu-
trons produced by the fissioning nucleus itself. We describe
that in Sect. 14.
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2.4.3 Binary spectra

Similar to the cross sections, the exclusive spectra deter-
mine various other specific spectra of interest. The exclusive
inelastic spectrum is a special case of Eq. (45)

doyy do®*
dE, — dE,

(1,0,0,0,0,0). (48)

Since Eq. (44) represents an energy spectrum, it includes by
definition only continuum transitions, i.e. it does not include
the binary reactions to discrete states. Hence, upon integra-
tion, Eq. (48) only gives the continuum inelastic cross section
of Eq. (14):

doy, v
cont — | qF,, —= 49
Oy, / n dE, (49)

Similar relations hold for the binary (n, p), (n,d), (n,1),
(n, h) and (n, a) spectra. The contributions to the binary
spectra generally come from pre-equilibrium and continuum
compound spectra.

2.4.4 Total particle production spectra

Similar to the total particle production cross sections, the
composite or total neutron spectrum can be expressed in
terms of exclusive spectra as follows
dO’ o o o oo oo [e¢)
n,xn
TR PP I I I
n in=01ip=0i4=0i;=0i,=0iy=0
daex

E(invipaidait5ihai0t)7 (50)

i.e. in the other notation,

dGn,Zn
dE,

dGn,xn _ dgn,n’
dE, dE,

dan,np
dE,

dUn,an
dE,

+ . (51

Similar relations hold for the (n, xp), etc. spectra. Note that,
in contrast with Eq. (20), the multiplicity is already implicit
in the exclusive spectra.

Again, in practice we do not use Eq. (50) to calculate the
composite spectra but instead add the dsi(Z, N, Ex, E,/)/
dE}, term that appears in Eq. (44) to the composite spectra
while depleting all nuclides in an inclusive calculation. We
do use Eq. (50) as a numerical check in the case of a few
outgoing particles. Finally, integration of the total neutron
spectrum and addition of the binary discrete cross section
give the total particle production cross section

d ,
O = / dE, ;}’;’x” + o dise (52)

, n,n'
n

and similarly for the other particles.

@ Springer

2.4.5 Double-differential cross sections

The generalization of the exclusive spectra to angular depen-
dent cross sections is done by means of the exclusive double-
differential cross sections

dZO,ex

m(in,ip,id,it,ih,ia), (53)
k/

which are obtained by either physical models or systematics.
Integration over angles yields the exclusive spectrum

do*
dE (inai[?aid7itvihaiol)
k/
o
:/dgm(ln,lp,ld,lt,lh,la). (54)
k'

The other relations are analogous to those of the spectra, e.g.
the inelastic double-differential cross section for the contin-
uum is

d2 o¢*

Lo _ (1,0,0.0,0,0) (55)
dEydQ ~ dEydQ " 7 7"

and the total neutron double-differential cross section can be
expressed as
d2o 0O 00 00 00 00 00
nxn

e =220 ) )

n in=0ip=0iq=0i=0i,=0iy=0

dZGex
dE,dQ2

For the exclusive calculation, the angular information is only
tracked for the first particle emission. The reason is that
for incident energies up to about 20 to 30 MeV, only the
first emitted particle deviates from an isotropic angular dis-
tribution. Multiple compound emission to the continuum is
essentially isotropic. The isotropic contribution to the exclu-
sive double-differential spectrum is then simply determined
by the part of the corresponding cross section that comes
from Hauser-Feshbach decay. At higher incident energies,
where the approximation of only one forward-peaked par-
ticle becomes incorrect, the interest in exclusive spectra, or
for that matter, the computational check of Eq. (56), is no
longer there. The presence of multiple pre-equilibrium emis-
sion at energies above several tens of MeV requires that we
include angular information for every emitted particle in the
total double-differential cross section, i.e. the left-hand side
of Eq. (56). Again, this is all tracked correctly in the full
inclusive calculation.

(in’ip’id,ityihyia)~ (56)
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2.4.6 Recoils

Qualitative analysis

In a nuclear reaction code, the calculations are usually per-
formed in the center of mass (CM) frame, while the experi-
mental data are obtained in the Laboratory (LAB) frame. It
is therefore necessary to perform a transformation either by
(i) expressing the experimental data in the CM frame or by
(i) expressing the CM model results in the LAB frame. Of
course, the cross sections are the same in both frames, but
the spectra are certainly different. The best example is given
by the elastic peak in an emission spectrum which is a Dirac
delta peak in the CM frame and rather looks like a Gaussian
when measured experimentally. The reason for this, apart
from the fact that the projectile beam is not perfectly mono-
energetic, is that the composite system has a velocity in the
LAB frame before decay occurs. Consequently if one con-
siders the emission of an ejectile with a well defined energy
in the CM frame, the ejectile energy in the LAB frame will
not be unique because of all the CM emission angles. More
precisely, a maximum ejectile energy will be obtained when
the emission occurs at 0°, and a minimum will be obtained at
180°, together with all the intermediate situations. Dealing
with this situation is simple if only one nucleus decays, but if
two particles are sequentially emitted, the first emission prob-
abilities create a velocity distribution of the residual nuclei
in the LAB frame. One must first loop over these velocities
before one can compute the secondary emission.

General method

As mentioned in Sect. 2.3.1, in TALYS each nucleus that
can decay is described by an array P(Z, N, E,) which gives
the population in a bin/level with excitation energy E, of
the nucleus (Z, N). A special case is the initial compound
nucleus which contains all the initial reaction population at
its total excitation energy E7'**. For the kinematics of the
binary reactions, it is necessary to keep track of the veloci-
ties and moving directions of these nuclei in the LAB frame,
so that we can reconstruct the LAB spectra from the decays
in the CM frame. We therefore have to add in principle three
dimensions to the P array. The first one to keep track of the
recoil energy, and the two other ones for the emission angles.
However, such book-keeping would become very time con-
suming, especially for high energies.

Hence, we only take into account the recoil energies and
the usual ®, angle and define another array Proo(Z, N, Ey, E;,
®,) which indicates the fraction of the total population
P(Z, N, E,) moving with the kinetic energy E, in the direc-
tion ®, with respect to the beam direction in the LAB frame.
Obviously,

P(Z,N,Ey) = Prec(Z, N, Ex, E;, ©;). (57)

2.

E,,®, bins

Again, the initial compound nucleus (Z¢, N¢) is a special
one. Its kinetic energy E? in the LAB frame is unique and is
given by

E9=\/(E12,+2MPEP+M%) — Mc, (58)

where E, is the projectile kinetic energy in the LAB, M, the
projectile mass and M¢ the compound nucleus mass, and it
moves in the beam direction (i.e. 0°). Before any emission is
calculated, the initial reaction population is stored in the array
element Prec(Z, N¢, ET'Y, E?, 0). As explained before, the
population of the residual nuclei bins are calculated by loop-
ing over all possible ejectiles, emission energies and angles
in the CM frame. Therefore, each time we decay from a
mother bin to a residual bin, we know exactly what fraction
of the total bin population is emitted in a given CM (energy,
angle) bin. We then simply couple the CM emission energies
and angles with the CM kinetic energy and moving direc-
tion in the LAB frame to determine simultaneously the ejec-
tile double-differential spectrum in the LAB and the residual
nucleus population in the corresponding LAB (energy, angle)
bin. This may seem simple from a qualitative point of view,
it is however not trivial to implement numerically and can be
time consuming.

Quantitative analysis

From now on, for simplicity, we assume that the kinemat-
ics of the binary reactions can be considered as a classical
process, i.e. we exclude y decay and relativistic kinemat-
ics in the recoil calculation. We here consider the emission
of a given ejectile from a given energy bin i of the decay-
ing nucleus (Z, N) which moves with a given velocity vy,
(or kinetic energy E.,,) in the direction ®., with respect
to the beam direction. The total population that is going to
decayis P(Z, N, E;) and the fraction of this population mov-
ing with the velocity v, in the direction ®,, is given by
P.ec(Z,N, E;, E.;;y, ©cn). We can determine the total emit-
ted flux for a given emission energy and a given emission
angle in the CM frame. In practice, we rather decay from
a initial bin to a residual bin in a given angular bin in the
CM frame. If recoil effects are neglected we directly derive
from such a decay an energy bin [Eg”w/l ,E MCPM ] and an angu-
lar bin [©f), ©F 7] in which the total flux @M is emitted.
Accounting for recoil effects requires an intermediate step
to share the available energy AE (difference between the
energy bins of the initial nucleus and final nucleus) among
the ejectile with mass m.; and the residual nucleus with mass
Mkp.

To do this, we use the classical relation

—LAB _ —

v =

—CM
ej Uem + Ugj s

(59)
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- LAB
ej
its velocity v ech inthe CM frame and the CM frame velocity

v cm- We need to connect v ij with AE.

This can be done upon writing

which connects the LAB velocity of the ejectile with

1 1
AE = Jme (T g% + S Mr(V M, (60)

where U ¢M is the residual nucleus velocity in the CM frame,
and using the relation

cM
R

—
me UM +mp M =0, 61)

Combining (60) and (61) yields

M
SIS N S—— o) (62)
/ mej(mej + MR)

which reduces to the classical relation

2AE
vEM = : (63)
ej mej

if recoil effects are neglected (i.e. in the limit Mp — +00).

Once this connection is established, Eq. (59) is used to
determine the velocity and angle of both the emitted light
particle and the residual nucleus by simple projections on
the LAB axis.

Hence, given a decay situation in the CM frame, we can
reconstruct both the energy and angle of emission in the
LAB frame. We now have to determine the link between
the double-differential decay characteristics in both frames.
The solution is well known (see Ref. [12] for instance) and
consists of using a Jacobian which accounts for the modifica-
tion of an elementary solid angle d€2 in the CM frame when
going into the LAB frame. However, in TALYS we have to
employ another method because we do not generally calcu-
late decays for well defined energies and angles but rather for
a given energy bin and angular bin. Moreover, since we do
not account for the azimuthal angle, we may also encounter
some problems when calculating recoil for secondary emis-
sion. Indeed, only the first binary process has the azimuthal
symmetry with respect to the beam direction.

The recoil treatment in TALYS

We here detail the way the double-differential spectra are
calculated by TALYS in the LAB frame from those obtained
in the CM frame. We consider the flux ® (i, j) emitted in the
CM frame in an energy-angular bin (7, j). Since ® (i, j) is
connected with the double differential cross section xs(i, j)
by

D@, j) =xs(, )AE@{)AcosO(j), (64)
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the four grid points defining the coordinates of the bin in the
CM frame form a rectangle in a energy-cosine grid. Coupling
the CM motion (kinetic energy and angle) with these four CM
bin coordinates enables one to determine four corresponding
points in the LAB frame. However, the surface defined by
these LAB coordinates will be different from a rectangle and
each limiting grid points will be located in different outgo-
ing energy-angle bins. The CM flux of a single bin must
thus be distributed over several bins when going to the LAB
frame.

The approximation made, to be able (i) to calculate the
area covered in the LAB frame and (ii) the way this global
area is distributed over the bins it partially covers, consists
in neglecting the deformation of the area reached in the
LAB frame which is therefore assumed to be a trapezoid.
In other words, we make the assumption that a triangle in
the CM frame is transformed into a triangle when going in
the LAB frame. This is helpful since the area of a trian-
gle is given by a simple analytic expression as function of
the coordinates of the summits of the triangle. Therefore,
we divide the starting energy-cosine rectangular CM bins
into two triangles to determine the two triangles obtained
in the LAB frame. With such a method, the whole problem
can be solved and the decay calculated in the CM frame
can be transformed to the LAB frame without any further
approximations.

However, in practice, coupling the angular direction (in the
LAB) of the nucleus that decays with the ejectile emission
angle in the CM frame, while neglecting the azimuthal angle,
gives double differential ejectile spectrain the LAB which are
generally not correct. In fact, we believe that it is better not to
account for the angular distribution of the decaying nucleus
unless both ® and ¢ are explicitly treated. Fortunately, the
final angular distribution of the recoiling nucleus is seldom
of interest.

Method of average velocity
As mentioned above, we do not loop over the angular distri-
bution of the decaying nucleus. This is equivalent to replac-
ing the array Py (Z, N, E;, E;, ©,) by Prec(Z, N, E;, E}).
Then, we only have to keep track of the velocities of the
nucleus that is going to decay, i.e. we have to loop over the
E, bins to reconstruct both the ejectile and residual nuclei
spectra. Another approximation that we have implemented
as an option, consists of using an average velocity before
this reconstruction, a method first applied by Chadwick et
al. [13,14]. This approach avoids the loop over the E, bins
altogether and reduces the calculation time. However, for
high energies, this might be too crude an approximation.
Figure 8 gives an indication of the difference between
this average energy approximation and the exact calculation.
Apparently, properly including the energy bins of the recoil-
ing nucleus E, in the calculation leads to smearing out of var-
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20 MeV n + **Si: recoil spectrum
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/ ‘»\— Exact approach
I a-- Average energy approximation

Cross section (mb/Mev)

Recoil energy of 24Mg (MeV)

Fig. 8 Example of the difference between exact and approximative
recoil treatment in TALY S

ious contributions to the final recoil spectrum. By default, we
always apply the exact approach, although in cases of high
incident energies the computation time may get significant.

Approximative recoil correction for binary ejectile spectra
it is also possible to avoid a full recoil calculation, and
merely correct the outgoing particle spectra for the recoil
of the nucleus. In that case the following method is
available.

The assumptions are made that (i) only binary emission
takes place, and that (ii) emission only occurs under 0°.
Hence, this approximation is basically expected to be valid
for angle-integrated spectra only. The CM to LAB conver-
sion of the ejectile spectra takes under these conditions the
following simple form:

plor = M gy Mo
Mc M2
iMrM
42 Mej¥R¥p E, AE, (65)
M3 d
C

in which E é‘?b is the LAB ejectile energy. This correction is
applied to the full ejectile spectrum including the multiple
emission contributions. This approximation is rather crude,
but saves a lot of computer time. Since the high-energy tail
originates completely from binary emission, this tail is cor-
rectly converted to the LAB system. Furthermore, the cor-
rection is small at low energies, which has the largest contri-
butions from multiple emission.

3 Optical model

The optical model is often regarded as the most essential
ingredient of nuclear reaction modeling for energies up to
a few hundreds of MeV. The central assumption underlying
the optical model is that the complicated interaction between
an incident particle and a nucleus can be represented by
a complex mean-field potential, which divides the reaction
flux into a part covering shape elastic scattering and a part
describing all competing non-elastic channels. Solving the
Schrodinger equation numerically with this optical model
potential (OMP) yields quantities which are used throughout
TALYS for its reaction calculations, such as

e the basic observables: the total, shape elastic and reaction
Cross sections,

o the elastic angular distribution and polarisation,

e forlow energies, the s, p-wave strength functions and the
potential scattering radius R,

e transmission coefficients used for compound nucleus
decay,

e distorted wave functions that are used for direct inelastic
reactions, yielding cross sections and angular distribu-
tions, and for transitions to the continuum that describe
statistical or collective multi-step direct reactions,

e inverse reaction cross sections for the pre-equilibrium
model.

The essential value of a good optical model is that it can
reliably predict these quantities for a wide range of energies
and nuclides, while its parameters may be determined by
the available experimental data for the basic reaction observ-
ables.

All optical model calculations are performed by the
coupled-channels code ECIS-06 [5], which is used as a sub-
routine in TALYS.

3.1 Spherical OMP: neutrons and protons

The default OMP used in TALYS are the local and global
parameterisations of Koning and Delaroche [15], often
abbreviated as KDO03. The phenomenological OMP for
nucleon-nucleus scattering, I/, is defined as:

U, E) = =Vy(r, E) = iWy(r, E) —iWp(r, E)
+Vso(r, E)dlo +iWso(r, E)).o +Vc(r),
(66)
where Vy so and Wy p so are the real and imaginary com-
ponents of the volume-central (V), surface-central (D) and
spin-orbit (S O) potentials, respectively. E is the LAB energy

of the incident particle in MeV and  the radial coordinate. All
components are separated in energy-dependent well depths,
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Vv, Wy, Wp, Vso,and Wy, and energy-independent radial
parts f, namely

Vy(r, E) = Vy(E)f(r, Ry, ay),
Wy (r, E) = Wy (E) f(r, Ry, ay),

d
WD(r7 E) - _4aDWD(E)d_rf(rv RDaaD)v

iN*1ld
Vso(r, E) = Vso(E) ——f(r, Rso, aso),
myc) rdr

i \*1d
Wso(r, E) = Wso(E) ( ) ——f(r, Rso, aso).

myc) rdr
(67)
The form factor f(r, R;, a;) is a Woods-Saxon shape
f(r. Ri.aj) = (1+expl(r — R)/aiD™", (68)

where the geometry parameters are the radius R; = r; A'/3,
with A being the atomic mass number, and the diffuseness
parameters a;. For charged projectiles, the Coulomb term
Ve, as usual, is given by that of a uniformly charged sphere

Zze? r2
Ve(r) 3 , forr < R¢

Ty
2Rc R¢
Zze?

= , forr > Rc, (69)
,

with Z(z) the charge of the target (projectile), and Rc =
rc A3 the Coulomb radius.

The functional forms for the potential depths depend on
(E — Ey), where Ey, the Fermi energy, is defined as the
energy halfway between the last occupied and the first unoc-
cupied shell of the nucleus,

1
E} = —E[Sn(Z, N) + S.(Z, N + D],

ED = —%[S,,(Z, N)+S,(Z+ 1, N)], (70)

with S, (§p) the neutron (proton) separation energy for a
nucleus with proton number Z and neutron number N.

The KD03 OMP parameterisation for either incident neu-
trons or protons is

Vy(E) = vi[l —va(E — Ef) +v3(E — Ef)?
—vy(E — Ep)’]
(E—Ej)?
w1 -
(E — Ef)?> + (w)?
ry = constant

Wy (E) =

ay = constant

(E - Ep)?
"E—Ep)?+ (d3)?
rp = constant

Wp(E) =d

expl—da(E — E¢)]

ap = constant
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Vso(E) = vso1 expl—vs02(E — Ef)]
(E — Ey)?

(E — Ef)2 + (ws02)2

rso = constant

Wso(E) = wyo1

aso = constant

rc = constant, (71)

where Ey = E' forincidentneutronsand £y = E }’ forinci-
dent protons. This representation is valid for incident energies
from 1 keV up to 200 MeV. Note that Vy and Wy share the
same geometry parameters ry and ay, and likewise for the
spin-orbit terms. This effectively reduces the number of free
parameters.

In general, all parameters (v;, w;, d;, Vso,i, Wso,i) appear-
ing in Eq. (71) differ from nucleus to nucleus. When enough
experimental scattering data of a certain nucleus is available,
a so-called local OMP can be constructed. TALYS retrieves
all the parameters of these local OMPs automatically from the
nuclear structure and model parameter database, which con-
tains the same information as the various tables of Ref. [15]. If
alocal OMP parameterisation is not available in the database,
the built-in global optical models using parameters taken as
functionals of Z and A are automatically used. A flag exists
to overrule the local OMP by the global OMP.

The spherical optical model described above provides the
transmission coefficients, DWBA cross sections, total and
elastic cross sections, etc. mentioned in the beginning of this
section. For deformed nuclides, strongly coupled collective
levels need to be included, as explained later.

3.1.1 Dispersive OMP: neutrons

The theory of the nuclear optical model can be reformulated
in terms of dispersion relations that connect the real and imag-
inary parts of the optical potential, and TALYS contains dis-
persive spherical neutron OMP parameterizations for about
70 nuclides (unpublished) as the default if it is available for
the target nuclide. These dispersion relations are a natural
result of the causality principle that a scattered wave cannot
be emitted before the arrival of the incident wave. The dis-
persion component stems directly from the absorptive part
of the potential,

P / Mdy, (72)

AV(r, E) = =
CE=2] F-E

where P denotes the principal value, see e.g. Ref. [16-18].
The total real central potential can be written as the sum
of a Hartree-Fock term Vg (7, E) and the total dispersion
potential AV (r, E)

V@, E) =Vyp(r, E) + AV(r, E). (73)
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Since W(r, E) has a volume and a surface component, the
dispersive addition is,

AV, E) = AVy(r, E) + AVp(r, E)
= AVy(E)f(r, Ry,ay)
d
—4aDAVD(E)Ef("» Rp,ap), (74)

where the volume dispersion term is given by

P [ Wy(E)

AVy(E) = — — 2 dE’, 75
vin=_| (75)

and the surface dispersion term is given by

P[> Wp(E)
AVp(E)y == [ 2P p (76)
b 7)o E—E

Hence, the real volume well depth of Eq. (67) becomes
Vv(E) = Vur(E) + AVy(E), (77)
and the real surface well depth is

Vb(E) = AVp(E). (78)

In general, Eqgs. (75)—-(76) cannot be solved analytically.
However, under certain plausible conditions, analytical solu-
tions exist. Under the assumption that the imaginary potential
is symmetric with respect to the Fermi energy Er,

W(EF — E)=W(EF + E), (79)

where W denotes either the volume or surface term, we can
rewrite the dispersion relation as,

2
AV(E) = ;(E —Er)

o0 W(E/) ,
P dE’, 80
gp (E'—Ep)?>—(E — Ep)? 0

from which it easily follows that AV (E) is skew-symmetric
around Efp,

AV(E + Ep) = —AV(E — Ef), (81)

and hence AV (Er) = 0. This can then be used to rewrite
Eq. (72) as

AV(E) = AV(E) — AV(EF)

o0 1 1
= E/ W(E’)( - )dE’
P E—E E —Ep

_E—Ef foo W(E)
T ox —oo (E' = E)(E' — EF)

dE'.  (82)

For the Hartree-Fock term we adopt the usual form for Vy (E)
given in Eq. (71). The dispersion integrals for the functions

for absorption can be calculated analytically and are included
as options in ECIS-06. This makes the use of a dispersive
optical model parameterization completely equivalent to that
of a non-dispersive OMP: the dispersive contributions are
calculated automatically once the OMP parameters are given.
Upon comparison with a non-dispersive parameterization,
we find that v is rather different, as expected, see Refs. [19,
20], and that ry, ay, v2, v3, w1 and w, are slightly different.

3.1.2 Semi-microscopic JLMB OMP

Besides the above-described phenomenological OMP, it
is also possible to perform TALYS calculations with the
semi-microscopic nucleon-nucleus spherical OMP derived
in Refs. [21-24] from the Briickner—Hartree—Fock approxi-
mation using a Reid’s hard core nucleon—nucleon interaction.
More specifically, the OMP for finite nuclei is obtained by
folding the OMP in nuclear matter with the target radial mat-
ter density on the basis of the local density approximation.
This so-called Jeukenne—Lejeune—Mahaux (JLM) potential
has been updated by Bauge et al. [25,26] through an empiri-
cal renormalization of the energy dependence of the potential
depth in order to reproduce scattering and reaction observ-
ables for spherical and quasi-spherical nuclei between “°Ca
and 2"Bi in a large energy range from the keV region up to
200 MeV. Several prescriptions for the local density approx-
imation were also tested [25] to provide the best overall
description of elastic scattering and reaction measurements.
The corresponding JLMB energy-dependent parameteriza-
tion of the nucleon-nucleus depths is Lane consistent (i.e.
isospin symmetric) and is characterized by an enhancement
of the isovector components with respect to the original JLM
approach that is needed in order to account simultaneously
for (p, p) and (n, n) elastic scattering as well as (p, n)jas
quasi-elastic scattering to the isobaric analog states. The
potential reads

U(E) =y () [Vo(B) £ avi(E)a Vi (E)

i () [Wo(E) £ 2w (ByaWi (B, (83)

where « = (p, — pp)/p is the density asymmetry and
© = pn + pp is the total nuclear density of neutrons plus
protons. E is the incident projectile energy and E = E — V¢
is the incident energy shifted by the Coulomb potential V¢
for incoming protons only. The energy-dependent param-
eters Ay, Aw, Ayy and Aw; are the real isoscalar, imagi-
nary isoscalar, real isovector, and imaginary isovector poten-
tial depth normalization factors, respectively. The energy-
dependent expressions for Ay, Ay, Aw, and Ay can be
found in Ref. [26] and are illustrated in Fig. 9. In particular,
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Fig. 9 Energy-dependent parametersa Ay, b Ay, c Ay, and d Ay of
the JLMB OMP included in TALYS. The hatched zones represent the
20-50 MeV range of maximum confidence [26]. For the Ay | parameter,
2 variants (Case 1-3) from Ref. [27] are also made available

the Aw1 phenomenological expression reads

-1
Aw, (E) = [1.1 + [1 + (e’éo_“«f>4] }
E—40\2
x [1 —0.065 () }

£o200\2
X |:1 —0.083 e_<%) :| , (84)

with the energy E expressed in MeV. In Eq. (84), w1 charac-
terizes the low-energy amplitude for which the value of 0.44
was estimated in Ref. [26].

The resulting JLMB potential and its extension to
deformed and unstable nuclei has been widely tested [26,28—
31]. As stated in Ref. [26], in the 20 to 50 MeV range, the
uncertainties related to Ay, Ay, Aw, and Ay are estimated
to be 1.5%, 10%, 10%, and 10%, respectively. Outside this
energy range, uncertainties are estimated to be 1.5 times
larger. In the present version of TALYS, only the spheri-
cal JLMB OMP is included and feeds the ECIS-06 routine to
compute observables by solving the Schrodinger equation for
the interaction of the projectile. All JLMB OMP parameters
can be altered via adjustable parameters.

However, while most of the JLMB renormalization factors
are rather well constrained by experimental data, this is not
the case for the isovector Ay contribution to the imaginary
part of the potential at low energies. In the JLMB approach,
the major constraint imposed on the OMP isovector compo-
nent comes from the quasi-elastic (p, n) scattering data as
well as the angle-integrated quasi-elastic (p, n) cross sec-
tions to the isobaric analog states at energies above some
20 MeV. For lower energies, the Ay, factor was extrapolated
from the confident region around 20 MeV to a constant value
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of approximately 1.5 (see in particular Fig. 1 of Ref. [26]).
Due to the lack of scattering data in the keV region, the low-
energy extrapolation of the Ay, factor remains essentially
unconstrained. This drawback was cured by an adjustment
on experimental s- and p-wave neutron strength function data
between 1 and 100 keV [27]. To reproduce the isospin depen-
dence found in such data and to study the impact on cross
sections, three cases corresponding to three modified renor-
malizations of the JLMB imaginary potential were proposed
and included in TALYS, see also Fig. 9,

e Case 1 corresponds to a modified value of Aw, adopt-
ing for the parameter w| the energy dependence w; =
1.1 exp(—0.4E'/*) and therefore a Aw, increase by 30%
at 100 keV,

e Case 2 assumes w; = 1.25 exp(—O.2E1/2), ie.aAw,
about 50% larger than the JLMB value at 100 keV,

e Case 3 corresponds to the same A, as in Case 2, but with
a Ay value, affecting both the isoscalar and isovector
parts of the imaginary potential, see Eq. (83) twice larger
than the JLMB value for energies below 1 MeV.

The resulting modified JLMB* potential has a drastic impact
on the radiative neutron capture cross sections of exotic
neutron-rich nuclei for which the isovector component
becomes important, see Eq.( 83). At large neutron excesses,
the imaginary component is indeed reduced, lowering the
neutron absorption channel, and consequently the radiative
neutron capture cross section and astrophysical rates [27].

3.1.3 Extension to 1 GeV

To be able to predict the total, elastic and non-elastic cross
sections up to 1 GeV, the OMP described above has been
extended by Koning et al. [32]. It is emphasized here that this
was just done to test at which energy the validity of TALYS in
predicting other (residual) cross sections would fail. We are
well aware of the fact that the usual Schrodinger picture of the
OMP is valid up to about 180 MeV, and should then be taken
over by a Dirac approach. Nevertheless, a functional form
was constructed which leaves all KDO3 parameter values
below a joining energy E;, at or around 200 MeV, unaltered
while smoothly extending the energy dependence above E ;.
This was only applied to the real, Vy, and imaginary, Wy,
volume parts of the potential. For that, the KD03 OMP for
neutrons below E; reads [15],

Vv (E) = v}l = v3(E — E'}) + v§(E — E;.)2
—vj(E — E})’]
(E — E})?
(E — E)? + (w5)?’

Wv(E) = w’f

(85)
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where E? is the Fermi energy. For Vy, we assume that the
exponential decrease should continue beyond E ;. After all,
the KDO3 form of Eq. (85) for Vy is just a Taylor expan-
sion of the exponential function, in which we gave ourselves
the freedom to alter the individual coefficients vy, etc. Also,
following studies like those of Typel et al. [33] and Chiba et
al. [34], we assume that it converges to a negative value Vi at
high incident energies. Hence, the form chosen for E > Ej
is

Vy(E) = Voo + b.exp(—c(E — E?)). (86)

We determine the new parameters b and ¢ by calculating
the value at E = E ? giving

b= VV(E?) — Voo (87)
Hence,

Vy(E) = Vo + (Vy (E;’c) — Vo) exp(—c(E — E;)). (88)
Next, ¢ can be determined by requiring that the high-energy
potential is equal to that of the low energy expression Eq. (85)
at the joining energy:

Vy (E) = Voo (Vv (E) = Vio) exp(—c(Ey — E), (89)

giving

B Vy(Ej) — Voo) . ©0)

= — 0
(E,—E) ° (VV(E'}) Vo

For Wy itis expected that at high energies new absorption
channels, such as pion production, emerge and that Wy will
show another smooth increase as function of energy. Hence,
the form of Wy for E > Ej is

. (E-ED?
W) = vl ey T 01)

where we find that a power of 4, instead of the usual 2, gives
a better description of experimental data. Also here, a param-
eter d was added to ensure a value exactly equal to KDO03 at
Ej,ie. at E = E; we have

(Ej — E)*
(Ej — ED* + i)

d=Wy(E;) — ! 92)

In sum, we have the following extension of the KD03 OMP
for E > E:

VY (E) = Vio + (Vv (E') = Vi)

E—-E} Vv(Ej) — Voo
X exp —. log( - )
E; - E} Vv (E") = Voo

. (Eg—ED?
w
Y(E;— ER* 4 wh)?
o (E — E'p)*
w s
Y(E - EP*+ )t

Wy (E) = Wy (Ey) —

93)

which joins smoothly with the KDO03 expression of Eq. (85)
for E < Ej;. The following, preliminary, values were
obtained from a fit to neutron total and proton non-elastic
cross sections up to 1 GeV:

E; = 200.

Voo = —30.

wi = 25. —0.0417A

w!! = 250. (94)

All parameters can be adjusted with keywords to provide the
best fit for individual nuclides. In Eq. (93), Vv (Er), Vv (E)
and Wy (E) are obtained from Eq. (85). The above exten-
sion, and parameters, also hold for incident protons.

3.2 Deformed OMP: neutrons

By default, TALYS uses the global optical model by Capote
etal. [35] for actinides. These parameters are directly retriev-
able from the RIPL database. For rotational non-fissile
nuclides, if no specific potential is specified through one of
the various input methods, we take our local or global spher-
ical potential and subtract 15% from the imaginary surface
potential parameter d, if rotational or vibrational levels are
included in the coupling scheme. Again, TALYS provides
ample adjustment possibilities to tailor the OMP parameters
to available experimental data.

3.3 Spherical OMP: complex particles

As a baseline model, for deuterons, tritons, Helium-3 and
alpha particles, we use a simplification of the folding
approach of Watanabe [36], see also Madland [37]. We take
the KD03 OMPs described in the previous section, either
local or global, as the basis for these complex particle poten-
tials. However, as this approach has only been tested to a lim-
ited extent with mixed results, in TALYS these OMPs may be
overruled by other OMPs, often in restricted energy ranges,
which have been published in the past. Below we describe the
particular functional form for the potentials from the folding
approach for each particle, but also mention other choices
for the OMP. Indeed, for deuterons and alpha particles, the
default OMP is not the folding potential.
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3.3.1 Deuterons

For deuterons, the real central potential depth at incident
energy E is

VI(E) = VI(E/2) + VI (E/2), (95)

and similarly for Wy and Wp. For the spin-orbit potential
depth we have

VE(E) = (VI (E) + V{, (E))/2, (96)

and similarly for W . For the radius and diffuseness param-
eters of the real central potential we have

ré = (ry +r";)/2,

al = @} +ab)/2, (97)

and similarly for the geometry parameters of the other poten-
tials.

We are well aware of the fact that others have constructed
specific potentials for deuterons that probably outperform the
Watanabe-type potential described here (a systematic study
still needs to be done for complex particle potentials). There-
fore, we have also added the deuteron potentials of Daehnick
et al. [38], Bojowald et al. [39], Han et al. [40], and An et
al. [41] as options. The potential of Han et al. is currently
the default in TALYS, awaiting an independent comparison
of all global OMPs with all available experimental data.

3.3.2 Tritons

For tritons, the real central potential depth at incident energy
Eis

Vi (E) =2VJ(E/3) + VI (E/3), (98)

and similarly for Wy and Wp. For the spin-orbit potential
depth we have

V§o(E) = (V§o (E) + Vi, (E))/6, 99)

and similarly for Wg . For the radius and diffuseness param-
eters of the real central potential we have

ry = Q@ry +rh)/3,
al, = (2ay, +al)/3, (100)

and similarly for the geometry parameters of the other poten-
tials.
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3.3.3 Helium-3

For Helium-3, the real central potential depth at incident
energy E is
V"}(E) =Vy(E/3) + 2V§'(E/3), (101)
and similarly for Wy and Wp. For the spin-orbit potential
depth we have
Vio(E) = (V§o(E) + Vi, (E))/6, (102)

and similarly for Wg. For the radius and diffuseness param-
eters of the real central potential we have

= +2r))/3,

aly = (al +2a})/3, (103)

and similarly for the geometry parameters of the other poten-
tials.

3.3.4 Alpha particles

For a-particles, within the folding approach [36], the real
central potential depth at incident energy E is given by

Vy(E) =2V (E/4) + 2V‘§’(E/4), (104)
and similarly for Wy and Wp. No spin-orbit potential is
included, so that the depth
Vo (E) = W (E) = 0. (105)

For the radius and diffuseness parameter of the real central
potential we have

ry =) +r))/2,

a$y = (d}, +al)/2, (106)

and similarly for the geometry parameters of the other poten-
tials.

Additional local or global a-nucleus optical potentials are
available and have been included in TALYS. They have been
essentially derived from fits to elastic a-nucleus scattering
data at energies above E =~ 80 MeV or, in some cases,
to (n, o) cross sections at lower energies. These concern in
particular the Wood-Saxon-type optical potential of McFad-
den and Satchler [42], Nolte et al. [43], or Avrigeanu et
al. [44]. However, the imaginary component is known to be
strongly energy dependent at energies below the Coulomb
barrier. For this reason, available a-particle elastic-scattering
and reaction cross sections around the Coulomb barrier on
medium- and heavy-mass nuclei were used to improve pre-
vious global optical potentials, essentially fitted at higher
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energies [45,46]. The Avrigeanu et al. Woods-Saxon-type
model from 2014 designed for targets with 45 < A < 209
mass number is the TALYS default potential.

In contrast to the phenomenological approach, the real
component of the potential of Dimitrou et al. [45] is based
on the double folding model obtained from a realistic
nucleon-nucleon interaction. From this, three different types
of energy-dependent imaginary potentials have been con-
structed from the assumption of volume or surface absorp-
tion, or from the adoption of the dispersion relations that link
the real and imaginary parts of the potential see Sect. 3.1.1).
The three corresponding optical potentials have been con-
strained in order to reproduce at best scattering and reac-
tion data at energies below typically E ~ 20 MeV and are
included in TALYS.

3.4 OMP continuity and parameter adjustment

The original KD0O3 OMP has been designed to cover the
entire 0-200 MeV range. We are well aware of the fact that
other OMPs, often designed for more restricted energy or
nuclide ranges, may be superior for particular cases. Impor-
tant examples are deformed OMPs for actinides, and the
above mentioned deuteron and alpha OMPs. Since TALYS
is designed to produce credible results for its entire energy
and nuclide domain, we need to ensure a smooth transition
between an OMP for a restricted energy range to an OMP for
the entire energy range. Since we always have the KDO3 or
KDO03-based folding potentials as a baseline, we have built
in an interpolation scheme for any alternative OMP and the
KDO03 OMP. In practice, we join all 18 OMP parameters
smoothly from the alternative OMP and KDO3, using a suffi-
ciently large energy interval in which the interpolation takes
place. In general, we set two energies, E 4, up to which the
alternative OMP (alt) is completely adopted and Ep, after
which the KD03 OMP is completely adopted. Then the OMP
parameters at any energy become

Vy(E) = R.VI(E) + (1 — R).VKPB(E)
rv(E) = Ry (E) + (1 = R).ryP" (E)

(107)
where
R =1 for E < Ey4,
E—E,
R=1——— for E4 <E <Ep,
Ep — Ex
R =0 for E > Ep. (108)

The above mechanism is for example used for an extension
of the alpha OMP of Avrigeanu which is known to perform
well up to 25 MeV, and for that OMP we set E4 = 25 MeV
and Ep = 50 MeV, which is a large enough energy range to
ensure a smooth transition between both OMPs.

All optical model parameters can be altered via adjustable
parameters with which the standard values can be multiplied.
Also local energy-dependent adjustment of the geometry is
possible to fit data. Such adjustment is already implicit in the
dispersive OMPs that we use, and therefore theoretically jus-
tified, although an ad-hoc arbitrary energy-dependent form of
e.g. the radius and diffuseness parameters in practice means
one uses TALYS as a very complicated fitting function for
the sake of reproducing experimental data. Hence, this is only
applied as a last resort.

4 Direct reactions

Various models for direct reactions are included in the
program: DWBA for (near-)spherical nuclides, coupled-
channels for deformed nuclides, the weak-coupling model
for odd nuclei, and also a giant resonance contribution in the
continuum. In all cases, TALYS drives the ECIS-06 code to
perform the calculations. The results are presented as discrete
state cross sections and angular distributions, or as contribu-
tions to the continuum.

4.1 Distorted Wave Born Approximation

The DWBA is only valid for small deformations. Until the
emergence of the more general coupled-channels formalism,
it was the common method to describe inelastic scattering, for
both weakly and strongly coupled levels. Nowadays, we see
DWBA as a first order vibrational model for near-spherical
nuclides, with only a single iteration to be performed for the
coupled-channels solution. (See, however Satchler [47] for
the exact difference between this so-called distorted wave
method and DWBA). The interaction between the projectile
and the target nucleus is modeled by the derivative of the
OMP for elastic scattering times a strength parameter. The
latter, the deformation parameter f3,, is then often used to
vary the overall magnitude of the cross section, which is
proportional to ,3)%.
In TALYS, we use DWBA

(a) if a deformed OMP and a coupling scheme is not avail-
able. This applies for the spherical OMPs mentioned
in the previous section, which are all based on elas-
tic scattering observables only. Hence, if we have not
constructed a coupled-channels potential, TALYS will
automatically use tabulated or systematical deformation
parameters for DWBA calculations.

(b) if a deformed OMP is used for the first excited states
only. For the levels that do not belong to that basic cou-
pling scheme, e.g. for the many states at somewhat higher
excitation energy, we use DWBA with (very) small defor-
mation parameters.
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4.2 Deformed nuclei: Coupled channels

The formalism outlined for the spherical OMP (Sect. 3) and
DWBA (Sect. 4.1) works theoretically for nuclides which
are spherical and in practice for nuclides which are not
too strongly deformed. In general, however, the more gen-
eral coupled-channels method should be invoked to describe
simultaneously the elastic scattering channel and the low-
lying states which are, due to their collective nature, strongly
excited by inelastic scattering. These collective excitations
can be described as the result of static or dynamic defor-
mations, which cause the homogeneous neutron-proton fluid
to rotate or vibrate. The associated deformation parameters
can be predicted from a (semi-)microscopic model or can be
derived from an analysis of the experimental angular distri-
butions.

We already discussed the OMPs which are required to
describe reactions on deformed nuclides. These OMPs need
to be combined with a particular coupling scheme. The
coupled-channels formalism for scattering and reaction stud-
iesis well known and will not be described here. For a detailed
presentation, we refer to Tamura [48]. We will only state the
main aspects here to put the formalism into practice. The
analyses of Delaroche et al. [49] and Olsson et al. [50] have
been used as guidance, as these papers explain clearly how
to translate collective effects of various nuclides into ECIS
calculations. In general various different channels, usually
the ground state and several inelastic states, are included in
a coupling scheme while the associated coupled equations
are solved. In ECIS-06, this is done in a so-called sequential
iterative approach by Raynal [5]. Besides Ref. [5], Carlson’s
lecture [51] is also recommended for more insight in the use
of the ECIS code.

Various collective models for deformed nuclei exist. Note
that the spherical optical model of Eq. (67) is described
in terms of the nuclear radius R; = r; A'/3. For deformed
nuclei, this expression is generalized to include collective
motions. Various models have been implemented in ECIS-
06, which enables us to cover many nuclides of interest.
We mention here that this does not exhaust all the possi-
ble coupled-channels models that currently exist. For exam-
ple, the soft-rotor model as implemented in the OPTMAN
code [52], which has been successfully applied to describe
various deformed nuclides and especially actinides, is not
covered by ECIS-06 and therefore not available here (as long
as we do not implement the OPTMAN code as an option in
TALYS). Hence, we will only describe the ones that can be
invoked by TALYS. The collective models are automatically
applied upon reading the deformation parameter database
and coupling scheme, see Sect. 10.
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4.2.1 Symmetric rotational model

In the symmetric rotational model, the radii of the different
terms of the OMP are expressed as

Ri=rAP 11+ Y gyl |,
A=2,4,....

(109)

where the 8, s are permanent, static deformation parameters,
and the Y functions are spherical harmonics. The quadrupole
deformation S plays a leading role in the interaction pro-
cess. Higher order deformations g, (with A = 4,6, ...) are
systematically smaller in magnitude than 5. The inclusion
of B4 and B¢ deformations in coupled-channels calculations
produces changes in the predicted observables, but in gen-
eral, only B> and B4 are important in describing inelastic
scattering to the first few levels in a rotational band. For even-
even nuclides like 34W and 232Th, the symmetric rotational
model provides a good description of the lowest 0%, 2+, 47,
671, 87T, ... rotational band. The nuclear model and parameter
database of TALYS specifies whether a rotational model can
be used for a particular nucleus, together with the included
coupled levels and deformation parameters. Either a defor-
mation parameter 8, or a deformation length §, = B, r; Al3
may be given. The latter one is generally recommended since
it should not depend on incident energy (while r; may, in
some optical models, depend on energy). We take 8, equal
for the three OMP components Vy, Wy and Wp and take
the spin-orbit potential undeformed. The same holds for the
vibrational and other collective models.

4.2.2 Harmonic vibrational model

A vibrational nucleus possesses a spherically symmetric
ground state. Its excited states undergo shape oscillations
about the spherical equilibrium shape. In the harmonic vibra-
tional model, the radii of the different terms of the OMP are
expressed as

Ri=riA"P | 1+ ¥ |,
A

(110)

where the «;, operators can be related to the coupling
strengths B;, describing the vibration amplitude with multi-
polarity A. Expanding the OMP to first or second order with
this radius gives the OMP expressions for the excitation of
one-phonon (first order vibrational model) and two-phonon
(second order vibrational model) states [5]. For vibrational
nuclei, the minimum number of states to couple is two.
For even-even nuclei, we generally use the (0*,2%) cou-
pling, where the 2% level is a one-quadrupole phonon exci-
tation. The level scheme of a vibrational nucleus (e.g. ''°Pd)
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often consists of a one-phonon state (2%) followed by a
(0T, 27, 4™) triplet of two-phonon states. When this occurs,
all levels are included in the coupling scheme with the associ-
ated deformation length &, (or deformation parameter £7). If
the 37 and 5~ states are strongly collective excitations, that
is when B3 and Bs are larger than 0.1, these levels may also be
included in the coupling scheme. An example is '2°Sn [53],
where the low lying (0T, 2%, 37,47, 57) states can all be
included as one-phonon states in a single coupling scheme.

4.2.3 Vibration-rotational model

For certain nuclides, the level scheme consists not only of
one or more rotational bands, but also of one or more vibra-
tional bands that can be included in the coupling scheme. An
example is 238U, where many vibrational bands can be cou-
pled [54,55]. Depending on the number of levels included,
the calculations can be time-consuming.

4.2.4 Asymmetric rotational model

In the asymmetric rotational model, in addition to the
spheroidal equilibrium deformation, the nucleus can oscillate
such that ellipsoidal shapes are produced. In this model the
nucleus has rotational bands built on the statically deformed
ground state and on the y-vibrational state. The radius is now
angular dependent,

R;(®) = r; A'3[1 + By cos y Y3 (2)
1
+\/;ﬂ2 siny (Y7(Q) + Y, 2(Q)) + +Y)()],  (111)

where we restrict ourselves to a few terms. The deformation
parameters 85, B4 and y need to be specified. **Mg is an
example of a nucleus that can be analyzed with the asym-
metric rotational model. Mixing between bands is not yet
automated as an option in TALYS.

4.3 Odd nuclei: Weak coupling

Direct inelastic scattering off odd-A nuclei can be described
by the weak-coupling model [56], which assumes that a
valence particle or hole interacts only weakly with a collec-
tive core excitation. Hence the model implies that the nucleon
inelastic scattering by the odd-A nucleus is very similar to
that by the even core alone, i.e. the angular distributions have
asimilar shape. Let L be the spin of the even core state, and Jy
and J the spin of the ground and excited states, respectively,
of the odd- A nucleus, resulting from the angular momentum
coupling. Then, the spins J of the multiplet states in the odd-
A nucleus range from | L — Jy | to (L + Jo). If the strength
of the inelastic scattering is characterized by the square of
the deformation parameters ﬂ%’ 7» then the sum of all ,312" 7

or o (E) for the transitions in the odd-A nucleus should be
equal to the value /3% or o (E) for the single transition in the
even core nucleus:

Zﬂz’f = 'Bz’ ZUJ()—U = 00—L> (112)
J J

where the symbol 0 — L indicates a transition between the
ground state to the excited state with spin L in the even core
nucleus. The deformation parameters ,3,% 7 are now given by

2 2J +1 2
Pro= Q2Jo+ DL + 1)ﬁL'
In practice, the DWBA cross sections are calculated for the
real mass of the target nucleus and at the exact excitation
energies of the odd-A states, but for the even-core spin L and
with deformation parameters Bz, ;.

We stress that our weak-coupling model is not full-proof.
First of all, there are always two choices for the even-even
core. The default used in TALY'S is to use the even-even core
obtained by subtracting a nucleon, but the other choice, to
obtain the even-even core by adding a nucleon, may some-
times be more appropriate. The next uncertainty is the choice
of levels in the odd-A core. We select the levels that are the
closest to the excitation energy of the even-spin state of the
even-even core.

(113)

4.4 Giant resonances

The high-energy part of the continuum spectra are gener-
ally described by pre-equilibrium models. These models are
essentially of a single-particle nature. Upon inspection of
continuum spectra, some structure in the high-energy tail
is observed that cannot be accounted for by the smooth
background of the single-particle pre-equilibrium model. For
example, many 14 MeV inelastic neutron spectra show a little
hump at excitation energies around 6-10 MeV. This struc-
ture is due to collective excitations of the nucleus that are
known as giant resonances [57,58]. We use a macroscopic,
phenomenological model to describe giant resonances in the
inelastic channel. For each multipolarity, an energy-weighted
sum rule (EWSR) S, applies,

Sp = Z Egif?; =51.5A75121 +1) MeV, (114)

1

where Ey ; is the excitation energy of the i-th state with mul-
tipolarity £. The summation includes all the low-lying col-
lective states, for each ¢, that have already been included in
the coupled-channels or DWBA formalism. The EWSR thus
determines the remaining collective strength that is spread
over the continuum. Our treatment is phenomenological in
the sense that we perform a DWBA calculation with ECIS-06
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for each giant resonance state and spread the cross section
over the continuum with a Gaussian distribution of width
['Gauss = 0.42T°, where the 'y for each multipolarity are
given below. The central excitation energy for these states
and the spreading width is different for each multipolarity
and has been empirically determined. For the giant monopole
resonance (GMR) EWSR we have

So = 23473 MeV, (115)
with excitation energy and width
EO,GMR = 18.7—-0.025A MeV,

Femr =3 MeV. (116)

The EWSR for the giant quadrupole resonance (GQR) is

S) = 575473 MeV, (117)
with
EoGcor = 654~ 1/3 MeV,

Tgor = 85473 MeV. (118)
The EWSR for the giant octupole resonance is
S3 = 1208473 MeV, (119)

which has a low-energy (LEOR) and a high-energy (HEOR)
component. Following Kalbach [58], we assume

S3.Leor = 0.383, S3mE0or = 0.7S3, (120)
with excitation energy and width
Eorror = 31A713 MeV,

I'teor =5 MeV, (121)
and
Eoneor = 1154713 MeV,

I'ugor = 9.3 — A/48 MeV, (122)

respectively.

The contribution from giant resonances is automatically
included in the total inelastic cross section. The effect is most
noticeable in the single- and double-differential energy spec-
tra.

5 Compound nucleus reactions
The term compound nucleus reaction is often used for two

different mechanisms: (i) the process of the capture of the
projectile in the target nucleus to form a compound nucleus,
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which subsequently emits a particle or gamma, (ii) the multi-
ple emission process of highly excited residual nuclei formed
after the binary reaction. The latter, which is known as multi-
ple compound emission, will be explained in Sect. 8. In either
case, the basic description is given by the Hauser-Feshbach
model [59]. We first treat the binary compound nucleus reac-
tion that plays a role at low incident energy. It differs from
the multiple compound emission at two important points: (a)
the presence of width fluctuation corrections (WFC) and (b)
non-isotropic, though still symmetric, angular distributions.

5.1 Binary compound cross section and angular distribution

In the compound nucleus picture, the projectile and the target
nucleus form a compound nucleus with a total energy E'*
and a range of values for the total spin J and parity IT. The
following energy, angular momentum and parity conserva-
tion laws need to be obeyed,
E,+E,+S,=Ey+Ey+S,=E"
s+I+l=5+1I'+1'=J

moMo(—1)! = 7, (1) = 0. (123)
The Hauser-Feshbach formula for the binary cross section is
given by

Lnax+1+s 1

2J +1
2 Zl QI+ D(2s + 1)

J=mod(I+s,1) [I=—

b/
com .
; P peomp

ao 2

J+I1 J+s J+1I' J'+s'

XYy > Y S@da(@)

J==1I=lj=s| j=|J=I'|I'=|j'=5|
J J
T EDTh E)
x ” 7 VVO{Zjo/I’./"7
Za”,l”,j” 57-[ ((X ) <Ta’/l”j”(Ea”)>

(124)

where all the symbols are defined in Table 1. Note that
the formula automatically applies to (isomeric) target states,
which is made explicit by the target excitation energy E,
in Eq. (123). In order to let Eq. (124) represent the general
case, we have denoted the outgoing transmission coefficient

by <Ta],l,/.,>. For this, two cases can be distinguished. If the
excitation energy E,s, that is implicit in the definition of
channel &', corresponds to a discrete state of the final nucleus,
then we simply have

J _
(T (B = Ty B, (125)
and E/, is exactly determined by Eq. (123). For «’ channels

in which E/ is in the continuum, we have an effective trans-
mission coefficient for an excitation energy bin with width
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Table 1 Description of the symbols entering Eq. (124)

E, Projectile energy

s Spin of the projectile

0 Parity of the projectile

l Orbital angular momentum of the projectile
J Total angular momentum of the projectile
8z (@) 1, if (=1)!7oI1o = IT and O otherwise

o Channel designation of the initial system

of projectile and target nucleus:

a={a,s, E,, Ex, I, 1o}, where a is the projectile type

E, Excitation energy of the target nucleus (usually zero)
Lnax Maximum I-value for projectile,
determined by OMP
Sa Separation energy
E, Ejectile energy
s’ Spin of the ejectile
my Parity of the ejectile
4 Orbital angular momentum of the ejectile
J Total angular momentum of the ejectile
8 () 1,if (,1)1’7” IT; = IT and O otherwise
o Channel designation of the final system of ejectile
and residual nucleus: o’ = {a’, 5", Ey/, Ey/, I’ Tl 1},
where d’ is the ejectile type
E, Excitation energy of the residual nucleus
1 Spin of the target nucleus
Iy Parity of the target
r Spin of the residual nucleus
Iy Parity of the residual nucleus
I1 Parity of the compound system
J Total angular momentum of the compound system
Deomp Depletion factor to account for direct and
Pre-equilibrium effects
k Wave number of relative motion
T Transmission coefficient
w WEC factor
AEy,
E +iaE,
(tp )= [ " dEwpEs s
Ey—LAE,
xT, i (Ea), (126)

where p is the level density, see Sect. 11, and 7 is evaluated
at an emission energy E, that corresponds to the middle
of the excitation energy bin, i.e. E,, = E™" — E\v — Sy.
Hence, both transitions to discrete states and transitions to
the whole accessible continuum are covered by the sum over
a’ in Eq. (124). The normalization factor D™P is

peomr — Gdisc,direct _ apreeq]/o_reac. (127)

[Oreac —

This indicates that in the current version of TALYS we
assume that direct and compound contributions can be added
separately. This formula for D°°"? is only applied for weakly
coupled channels that deplete the flux, such as contribu-
tions from DWBA or pre-equilibrium reactions. In the case
of coupled-channels calculations for the discrete collective
states, the transmission coefficients of Eq. (124) are auto-
matically reduced to account for direct effects and TALYS
only subtracts the direct cross section for the weakly coupled
levels (DWBA) and the pre-equilibrium component, i.e. if

O_disc,direct — O,disc,cc + Udisc,DWBA’ (128)

then

Deomp — [O-reac _ O_du‘c,DWBA

- O-preeq]/o'reac- (129)
The compound nucleus formula for the angular distribu-

tion is given by

com P

P (6
D000 @) _ ZC“’"”P (cos ©),

o (130)

where Py are Legendre polynomials. The Legendre coeffi-

cients C;”"" are given by
2J +1
Ccomp Dcamp
t k2 Z QI+ 1D@2s+1)
J+I Jj+s J+I' j/+s’

JDIED VDD

J==11=]j=s| j=|J=1I'|I'=|j -5
X8 ()8 (@)

T (T (Ea)
Z(X” NN 57-[ (a/,) <Ta{/l//j//(Ea//)>

J
X Wal/a’l’j’AIle’l/j’;L’

(131)

where the Blatt-Biedenharn factor A is given by [60]

(_1)1’—s/—1+s

Al QJ+DR2j+1)

Iy L = 4
x (21 + 1)(2j" + 12" + 1) (1100 | LO)
xW(JjJj; ILYW(jjil; Ls) (I''00 | LO)
W' Jj s 'YW’ j'I'l'; Ls'), (132)
where (| ) are Clebsch-Gordan coefficients and }V are

Racah coefficients.

Formulae (124) and (130-132) show that the WFC factors
and the angular distribution factors depend on all the angular
momentum quantum numbers involved, and thus have to be
re-evaluated each time inside all the summations. We gener-
ally need these formulae for relatively low incident energy,
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where the WFC has a significant impact and where the com-
pound nucleus cross section to each individual discrete state
is large enough to make its angular distribution of interest.
For projectile energies above several MeV (we generally take
the neutron separation energy for safety) the width fluctua-
tions have disappeared, meaning that W, il = = 1 for all
channels. Then for the angle-integrated compound cross sec-
tion, instead of performing the full calculation, Eq. (124) can
be decoupled into two parts that represent the incoming and
outgoing reaction flux, respectively. It simplifies to

mar+1+5 1
comp __
Ovar = Z Z
J=mod(I+s,1) I=—1
Ly (E™ J, 11 — Eo, I, ITy)
[rot(Etor | J 1)

(EIOZ)

; (133)

where aJCI-f is the compound formation cross section per spin

and parity:

2J +1
o-]C]'[[?(E[Ot) — DCOm[)i2 +
k= 2I+1)2s + 1)
J+I j+s
x Y Y T (Ea)da (), (134)
J=lu=11=[j—s|
which itself obeys
Imax+1+s 1
Yoo > il (B = Do (135)
J=mod(I+s,1) [I=—1
The partial decay widths are
1
F(X,(EIOI» ]s IT— E)C/v I/v l_[f) =

2mp(E™, J, IT)
J+1I J+s

x 3 Y s (T ED),

J'= == =5

(136)
and the total decay width is

FtOt(EtOZ, J, 1—[) — Z Fa//(EtOZ, J, n — Ex’, I//’ nf),

o

(137)

where we sum over all possible states in the residual nuclides
through the sum over «”. Note that the term with the
compound nucleus level density, 2 p, is present in both
Egs. (136) and (137) and therefore does not need to be calcu-
lated in practice for Eq. (133). A formula similar to Eq. (133)
is used for multiple emission, see Sect. 8.

In sum, we use Egs. (124) and (131) if either width fluctu-
ations or compound angular distributions are to be calculated
and the more time-efficient Eq. (133) if they are both of no
interest.
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5.2 Width fluctuation correction factor

The WEFC factor W accounts for the correlations that exist
between the incident and outgoing waves. From a qualitative
point of view, these correlations enhance the elastic channel
and accordingly decrease the other open channels. We are
aware that a more complete description of the WFC mech-
anism requires inclusion of the Engelbrecht-Weidenmiiller
transformation which includes direct-compound reaction
interference, see Refs. [61,62]. This is under construction.
Above a few MeV of projectile energy, when many compet-
ing channels are open, the WFC factor can be neglected and
the simple Hauser-Feshbach model is adequate to describe
the compound nucleus decay. To explain the WFC factors,
we now switch to a more compact notation in which we leave
out J and definea = {a, I, j}and b = {o’, ', j'}. With such
anotation the compound nucleus cross section can be written
in the compact form

T T,Tp

_ T Ll 138
Oab kg ZC T, ab ( )

for each combination of @ and b. In general, the WFC
factor may be calculated using three different expressions,
which have all been implemented in TALYS: The Hofmann-
Richert-Tepel-Weidenmiiller (HRTW) model [63-65], the
Moldauer model [66,67], and the model using the Gaussian
Orthogonal Ensemble (GOE) of Hamiltonian matrices [68].
A comparison between the three models is given by Hilaire
et al. [69].
For each expression, flux conservation implies that

a—ZTTb

(139)

This equation can be used to check the numerical accuracy
of the WFC calculation.

5.2.1 The HRTW method

The simplest approach is the HRTW method. It is based on
the assumption that the main effect of the correlation between
incident and outgoing waves is in the elastic channel. In that
case, it is convenient to express the compound nucleus cross
section (138) as

T V,Vp

23V, [+ 8ap(Wa — D],

Oubp = (140)

where the V;’s are effective transmission coefficients that take
into account the correlations.
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This expression means that only the elastic channel
enhancement is described since fora = b, Eq. (140) becomes

T Va2
=—-—2_W,, 141
Ouaa kg ZC V. a ( )
while for a # b,
T V,Vp
= — . 142
Uab k% ZC VC ( )

An expression for the V; values can be determined from the
flux conservation condition

b
D oub = ik (143)
b a
which yields using Eq. (140)
VZ
T,=V,+ (W, — )—4%—, 144
a a+ We )Zc V. (144)
or
T,
Vo = 1+ Wa=DVa" 5
Zc VC

The only required information is thus the expression for W,,
which can be derived from an analysis using random matrix
calculations. In TALYS, the expression of Ref. [65] is used.
The result for V,, is then obtained after iterating Eq. (145)
several times, starting from the initial value

T,

Voi=0) = 7 (146)
14+ (W, — D="o
¢ Zc TC
and calculating V, (i 4+ 1) using
. T,
Vo +1) = —, (147)
1+ (W, — 1)M
CY Vel

until V,(i + 1) & V,(i). In a calculation, a few tens of iter-
ations are generally required to reach a stable result.

For each J and I1, expressions (145)—(147) only need to
be evaluated once. The WFC factor can then be derived from
Egs. (138) and (140),

W = 2 1 4s oW, — 1]
ab_ZCVC ab a

Zc TC

. 148
.7, (148)

5.2.2 Moldauer expression

This is the default option for the WFC in TALY'S. Moldauer’s
expression for W, is based on the assumption that a x> law
with v degrees of freedom applies for the partial widths I",
which can be calculated from a Porter-Thomas distribution.
These are associated with transmission coefficients as

(149)

provided (I') << D, where D is the mean level spacing. The
WEC factor Wy, reads

26
W, = (1 + ab>

Va

—+o00 2TC X >_(3ac+8hz‘+vc'/2)
X 1+ —— dx,
f() l_[ ( ve 2 Ti

(150)

Moldauer has parameterised v using Monte Carlo calcula-
tions, giving

v =178+ (T2 = 0.78) exp (—0.228 ) :TC) .
c
(151)

Also, alternative parameterizations for v, are included in
TALYS, notably that of Ernebjerg and Herman [70] and
Kawano and Talou [71]. The integral in Eq. (150) is eval-
uated numerically. For this, the Gauss-Laguerre method is
used and we find that 40 integration points are enough to
reach convergence, the criterion being the flux conservation
of Eq. (139).

Equation (150) involves a product over all possible open
channels. When the number of channels is large, the prod-
uct calculation drastically increases the time of computation,
forcing us to consider another method. Many open channels
are considered for capture reactions and reactions to the con-
tinuum.

A. Capture reactions

If the projectile is captured by the target nucleus, the com-
pound nucleus is formed with an excitation energy at least
equal to the projectile separation energy in the compound sys-
tem. Since the y transmission coefficient calculation involves
all the possible states to which a photon can be emitted from
the initial compound nucleus state, the number of radiative
open channels is almost infinite, but each has a very small
transmission coefficient. Following Ref. [72], the product
over the radiative channels in Eq. (150) can be transformed
as

2T —Vc/2
(757
ve )i T

cey
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~ lim
vy —>+00

<1+ 2Ty x )_ﬁyﬂ
l_)V Zi 711

T;ff X
=exp| — ,
"o

where T)ff s given by the procedure sketched in Sect. 12.
The derivation is based on the hypothesis that all the indi-
vidual 7), are almost identical to 0. Therefore, to calculate
W,ap» when b denotes the gamma channel, we set 7, = 0 in
Egs. (150) and use Egs. (152) to calculate the product for y
channels.

(152)

B. Continuum reactions

For high excitation energies, it is impossible to describe all
the open channels individually. It is then necessary to intro-
duce energy bins to discretize the continuum of levels and
define continuum (or effective) transmission coefficients as

Emux
p )T (e)de,

min

Ters(U) = f (153)

where U is generally taken as the middle of the interval
[Emin, Emax] and p is the density of levels under consid-
eration. This effective transmission coefficient corresponds
to an effective number of channels N,r¢(U), given by

EI‘I‘I(ZX

p(e)de. (154)

Nepr(U) =/

Enin

Calculating the product term in Eq. (150) is tedious, unless
one assumes that the energy variation of 7(¢) is smooth
enough to warrant that each of the N.sr(U) channels has
the same average transmission coefficient

Terr(U)

Tnean(U) = Neff(U).

(155)

Then, the product over the channels ¢ belonging to such a
continuum bin in the Moldauer integral Eq. (150) can be
replaced by a single term, i.e.

27, —ve/2
1_[ (1 * VCZi Tix)

c

~ (1 + 2Tmean(U)x
Vmeanzi T;

_Nef_/'(U)"'mean/2
) , (156)

where

Vmean = 1.78 + (T,)lfa‘n2 — 0.78) exp (—0.228 > TC) .
C

(157)
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C. Fission reactions

The fission reaction is treated as one global channel, regard-
less of the nature of the fission fragments that result from
fission. In Sect. 13, it is explained how the global fission
transmission coefficient is calculated. It is however impor-
tant to state here that the fission transmission coefficient is
generally greater than 1 since it results from a summation
over several fission paths and can therefore be defined as

EmaX
Tpis(U) = f pris ()T (6)de. (158)

Of course, 0 < Tr(e) < 1, but one cannot assume that 7’
is constant over the whole integration energy range as in the
case of continuum reactions. To bypass this problem, instead
of using a global fission transmission coefficient, we have
grouped the various components of Eq. (158) according to
their values. Instead of dealing with a global fission trans-
mission coefficient, we use N different global transmission
coefficients (where N is an adjustable parameter) such that

N
Tris(U) =Y Tyis(i, U), (159)
i=0
where
Emax
Tyis(i,U) = / pris(e)Tr(e)d; nde, (160)

and 6; y = 1ifi/N < Ty(¢) < (i +1)/N and O otherwise.

In this case one can define, as for continuum reactions, an
effective number of channels Ny;s(i, U), and use N average
fission transmission coefficients defined by

Tyis(i, U)

Tfismean (i) =

If N is large enough, these N average coefficients can be
used for the WFC calculation without making a too crude
approximation.

5.2.3 The GOE triple integral

The two previously described methods to obtain W, are
readily obtained since both are relatively simple to imple-
ment. However, in each case, a semi-empirical parameteri-
sation is used. The GOE formulation avoids such a param-
eterisation, in which sense it is a more general expression.
We refer to the numerical method employed to compute this
complicated triple integral to Hilaire et al. [69]. An impor-
tant conclusion from that paper is that for most cases, the
Moldauer expression gives a very good approximation to the
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exact GOE result. This is important since a GOE calculation
is very time consuming.

5.3 Thermal and resonance energy range

The introduction of this paper states that TALY'S is meant for
the analysis of data up to 200 MeV. To be more precise, we
should state that the physics implemented in TALYS starts
to be applicable after a few keV, or more accurately, above
the resolved resonance range. The energy where the unre-
solved resonance starts varies from nucleus to nucleus and
is related to the average resonance spacing Dy or, equiva-
lently, the level density at the binding energy. Generally, the
starting energy region is higher for light nuclides than for
heavy nuclides. Only beyond this energy, the optical and sta-
tistical models implemented in TALYS are expected to yield
reasonable results, at least for the non-fluctuating cross sec-
tions. The lower energies are the domain of R-matrix theory,
which describes the individual resonances. Nevertheless, it
would be useful to have a first-order estimate of the non-
threshold reactions, not only for the obvious neutron capture
channel, but also for the exothermal (n, p), (n, o) and fis-
sion channels. The fact that a nuclear model calculation in
TALYS is only performed down to about a few keV should
not prevent us to give at least an estimate of the 1/v-like and
resonance behaviour of the excitation function down to 107>
eV (the lower energy limit in ENDF-6 nuclear data libraries).
TALYS contains databases for data in the low-energy range:

e cvaluated thermal neutron cross sections from the TARES
database [73],

e cvaluated neutron resonance parameters from the TARES
database [73],

e average neutron s-wave resonance spacings, Dy, from the
RIPL database [9].

One can now proceed in two ways.

Simple method: Linear interpolation

The simple method consists of using tabulated thermal cross
section and Dy values. First, we decide on the lower energy of
validity of a TALYS nuclear model calculation Ej. Some-
what arbitrarily, we set as default E; = Dy, where Dy is
taken from the evaluated database or, if not available, derived
from the level density. £, can also be entered as input. Next,
we determine the neutron capture cross section at the ther-
mal energy E;;, = 0.0253 eV, either from the experimental
database or, if not available, from the systematic relation [74]

Ony (Em) = 1.5 x 1073a(S, — A)>> mb, (162)

with a the level density parameter at the neutron separation
energy S, and A the pairing energy in MeV. We assign a
1/v, i.e. 1/3/E, dependence to the cross section from 107>
eV to an upper limit £/, which we set, again arbitrarily, at
Ei/y =0.2Er. The 1/v line obviously crosses oy, ,, (E;p) at
the thermal energy E;j;. The points at £y, and E, are con-
nected by a straight line. The resulting capture cross section is
illustrated in Fig. 11. In reality, the region between Ej, and
E is filled with resolved resonances, which is why we also
implemented in TALYS a more physical method which has
been available for several years now, as shortly discussed
below. For other reactions with positive Q-values, such as
(n, p) and (n, o), only a few experimental values at thermal
energy are available and a systematic formula as for (n, y) is
hard to construct. If thermal cross sections are available for
these reactions, the same method as for the radiative capture
is followed. If not, we assume, e.g. in the (n, p) case that the
ratio between the gamma decay width and the proton decay
width is constant for incident energies up to £ . Hence, we
determine the ratio R, = o0y, /0y, at Ef from the TALYS
calculation, and since we know the thermal (7, y) value we
can produce the (n, p) excitation function down to 1075 eV
by multiplying the capture cross section by R,. A similar
procedure is applied to all other non-threshold reactions.

High-Fidelity Resonance method: resonance reconstruc-
tion

For the TENDL project [11], a complete set of resonance
parameters for all nuclides is considered, either from avail-
able compilations [75,76] or from the various nuclear data
libraries around the world. This leads to a recommended set
of resonance parameters which is used to create the low-
energy part of the database. All this is provided in the TARES
code [73]. TARES is not a resonance (analysis) code but
rather collects and analyses resonance data, produces uncer-
tainty and covariance data and produces data in pointwise
form as e.g. atotal cross section. To provide low-energy cross
section data for all resonance channels we have integrated
into TALYS three codes from the PREPRO-package [77],
namely RECENT, SIGMA1 and GROUPIE, to reproduce
the pointwise cross sections from the resonance parameters
(RECENT), to broaden it in case of a desired temperature by
the user (SIGMA1) and to group pointwise data to get a more
compact groupwise representation (GROUPIE). The result-
ing reconstructed cross sections in the resonance range are
then merged with the TALYS nuclear model result at higher
energies. An exampleis givenin Fig. 10 for resonance param-
eters available from experiment for 122Te(n,y). As advocated
in Ref. [78], the average resonance parameters as predicted
by TALYS can be used to generate statistical resonances.
These average parameters are then derived from theoretical
level densities and photon strength functions which are used
to estimate strength functions and average radiative widths.
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Fig. 10 Reconstruction of cross section data in the resonance range
and transition into the unresolved range for '>?Te(n,y). A pointwise
calculation at a temperature of 7 = 293.15 K is shown

99Y(n’y) IOOY

HFR
Simple

Cross section [mb]

10 F 4

1

-1 L L L L L L
0

1E-08 1E-07 1E-06 1E-05  0.0001 0.001 0.01 0.1 1
Incident Neutron Energy [MeV]

Fig. 11 Reconstruction of cross section data in the resonance range
and transition into the unresolved range for °*Y(n,y) for a temperature
T = 293.15 K, for the High-Fidelity Resonance method, compared
with the simple method of linear interpolation

An example is given in Fig. 11 for the neutron-rich nucleus
9Y for which no experimental data is available. Again, the
difference with Fig. 11 is obvious: the fact that resonances
have not been measured does not mean that they do not exist.
Itis therefore seen as a reasonable option to generate them on
the basis of TALYS parameters from the statistical reaction
range. The individual energies and widths may not be cor-
rect, but on average they follow well-established theoretical
statistical estimates. In Ref. [78], such a transition from the
resolved resonance regime to the unresolved range is applied
to exotic neutron-rich nuclides within this so-called High-
Fidelity Resonance framework and shown to have important
implications, especially for astrophysical applications.

6 Pre-equilibrium reactions

It is now well known that the separation of nuclear reac-
tion mechanisms into direct and compound is too simplis-
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Fig. 12 Impact of pre-equilibrium mechanism on description of (p,n)
cross section. The experimental data are obtained from the EXFOR
database [80]

tic. As Fig. 3 shows, the cross section as predicted by the
pure compound process is too small with respect to mea-
sured continuum spectra, and the direct processes described
in the previous section only excite the discrete levels at the
highest outgoing energies. Furthermore, the measured angu-
lar distributions in the region between direct and compound
are anisotropic, see e.g. Ref. [79], indicating the existence of
a memory-preserving, direct-like reaction process. A third
important indicator of the pre-equilibrium mechanism is the
impact on excitation functions. If pre-equilibrium reactions
would not exist, the compound nucleus would evaporate more
particles before decaying to the ground state with gamma
emission. Pre-equilibrium emission takes away the energy in
the binary reaction process, which is confirmed by Fig. 12.
The high-energy part of the spectrum of Fig. 3 is consistent
with the excitation function above 15 MeV of Fig. 12. Instead
of rapidly decreasing to zero, the excitation function has a tail
towards high incident energies as the nucleus can no longer
emit further particles.

It is now well understood that, as an intermediate between
the two extremes, there exists a reaction mechanism that
embodies both direct- and compound-like features. These
reactions are referred to as pre-equilibrium, pre-compound
or, when discussed in a quantum-mechanical context, multi-
step processes. Pre-equilibrium emission takes place after
the first stage of the reaction but long before statistical equi-
librium of the compound nucleus is attained. It is imagined
that the incident particle step-by-step creates more complex
states in the compound system and gradually loses its mem-
ory of the initial energy and direction. Pre-equilibrium pro-
cesses cover a sizable part of the reaction cross section for
incident energies between 10 and (at least) 200 MeV. Pre-
equilibrium reactions have been modeled both classically
and quantum-mechanically and both options are included in
TALYS.
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6.1 Two-component exciton model

In the exciton model [81] (see also Refs. [82,83] for extensive
reviews), the nuclear state is characterized at any moment
during the reaction by the total energy E'®' and the total
number of particles above and holes below the Fermi sur-
face. Particles (p) and holes (/) are indiscriminately referred
to as excitons. Furthermore, it is assumed that all possible
ways of sharing the excitation energy between different p-h
configurations with the same exciton number n = p-+h have
equal a-priori probability. To keep track of the evolution of
the scattering process, one merely traces the temporal devel-
opment of the exciton number, which changes in time as a
result of intranuclear two-body collisions. The basic start-
ing point of the exciton model is a time-dependent master
equation, which describes the probability of transitions to
more and less complex p-h states as well as transitions to
the continuum, leading to emission. Upon integration over
time, the energy-averaged emission spectrum is obtained.
These assumptions makes the exciton model amenable for
practical calculations. The price to be paid however is the
introduction of a free parameter, namely the average matrix
element of the residual two-body interaction, occurring in the
transition rates between two exciton states. When this matrix
element is properly parameterized, a very powerful model is
obtained.

Qualitatively, the equilibration process of the excited
nucleus is imagined to proceed as follows, see Fig. 13.
After entering the target nucleus, the incident particle col-
lides with one of the nucleons of the Fermi sea, with depth
Er. The formed state with n = 3 (2plh), in the case of a
nucleon-induced reaction, is the first that is subject to parti-
cle emission, confirming the picture of the exciton model as a
compound-like model rather than a direct-like model. Subse-
quent interactions result in changes in the number of excitons,
characterized by An = 42 (a new p-h pair) or An = -2
(annihilation of a p-h pair) or An = 0 (creation of a differ-
ent configuration with the same exciton number). In the first
stage of the process, corresponding to low exciton numbers,
the An = 42 transitions are predominant. Apart from transi-
tions to more complex or less complex exciton states, at any
stage there is a non-zero probability that a particle is emitted.
Should this happen at an early stage, it is intuitively clear that
the emitted particle retains some “memory” of the incident
energy and direction: the hypothesis of a fully equilibrated
compound nucleus is not valid. This phase is called the pre-
equilibrium phase, and it is responsible for the experimen-
tally observed high-energy tails and forward-peaked angular
distributions. If emission does not occur at an early stage,
the system eventually reaches a (quasi-) equilibrium. The
equilibrium situation, corresponding to high exciton num-
bers, is established after a large number of interactions, i.e.
after a long lapse of time, and the system has “forgotten”

>0 / emission
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o
[
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etc.
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Fig. 13 Reaction flow in exciton model

about the initial state. Accordingly, this stage may be called
the compound or evaporation stage. Hence, in principle the
exciton model enables to compute the emission cross sections
in a unified way, without introducing adjustments between
equilibrium and pre-equilibrium contributions. However, in
practical cases it turns out that it is simpler and even more
accurate to distinguish between a pre-equilibrium and an
equilibrium phase and to perform the latter with the usual
Hauser-Feshbach formalism, as described in Sect. 5. This is
the approach followed in TALYS.

Two versions of the exciton model are implemented in
TALYS: The default is the two-component model in which
the neutron or proton types of particles and holes are followed
throughout the reaction, and that will be described here.
For the simpler, and more generally known, one-component
model we refer to Ref. [81].

In the following reaction equations, we use a notation in
which p; (p,) is the proton (neutron) particle number and £,
(hy) the proton (neutron) hole number. From this, we define
the proton exciton number n; = p, + h, and the neutron
exciton number n, = p, + h,. Then, we can construct the
charge-independent particle number p = p, + p,, the hole
number & = h; + h, and the exciton number n = n,; +n,.

The temporal development of the system can be described
by a master equation, describing the gain and loss terms for
a particular class of exciton states [81]. Integrating the mas-
ter equation over time up to the equilibration time yields
the mean lifetime of the exciton state T that can be used to
calculate the differential cross section [84]. The primary pre-
equilibrium differential cross section for the emission of a
particle k£ with emission energy Ej can then be expressed in
terms of t, the composite-nucleus formation cross section

o F, and an emission rate Wk,
preeq P;;nax Py
oy _ ger Wi(prs s pos b, E
- Ty by Vs Vs
d—Ek o (P V4 k)
Pr=p% py=p)

XT(Prs hos pos ho) P(prs by pys hy), (163)

where the factor P represents the part of the pre-equilibrium
population that has survived emission from the previous
states and now passes through the (px, hr, py, hy) con-
figurations, averaged over time. Expressions for all quanti-
ties appearing in this expression will be briefly summarized
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below. The initial proton and neutron particle numbers are
pY = Z,,and p9 = N, respectively with Z,, (N,) the pro-
ton (neutron) number of the projectile. For any exciton state
in the reaction process, h; = pr — pg and h, = p, — pg,
so that for primary pre-equilibrium emission the initial hole
numbers are k% = hY = 0. For e.g. a neutron-induced reac-
tion, the initial exciton number is given by n® = n(u) =1
(0p0hy1p,0h,),butonly pre-equilibrium gamma emission
can occur from this state, while nucleon emission from this
state is essentially elastic scattering and this is already cov-
ered by the optical model. Particle emission only occurs from
n = 3 (2plh) and higher exciton states. We use a hardwired
value of p7™* = p'®* = 6 as the upper limit of the summa-
tion [81], and in addition the never-come-back approxima-
tion, i.e. throughout the cascade one neglects the interactions
that decrease the exciton number, although the adopted solu-
tion of Eq. (163) includes transitions that convert a proton
p-h pair into a neutron pair and vice versa. The maximum
values p7® and p'®* thus entail an automatic separation of
the pre-equilibrium population and the compound nucleus
population. The latter is then handled by the more adequate
Hauser-Feshbach mechanism. We now discuss the various

ingredients of Eq. (163).

A. Reaction cross sections
The basic feeding term for pre-equilibrium emission is the
composite formation cross section oF, which is given by

CF
O~ = Oreac — Odirect» (164)

where the reaction cross section opeyc is directly obtained
from the optical model and ogjrect is the sum of the cross
sections for direct reactions to discrete states g@isc-direct aq
defined in Eq. (18), and for giant resonances, see Sect. 4.4.

B. Emission rates and p-h state densities
The emission rate Wj has been derived by Cline and
Blann [85] from the principle of microreversibility, and can
easily be generalized to a two-component version as shown
by Dobes and Bétak [86]. The emission rate for an ejectile k
with relative mass p; and spin s is
25 + 1
Wi(pz, hz, pv, by, Ex) = WMkEkUk,inv(Ek)
% @(pr — Zk, hzs py — Ni, hy, E* — Ep)
(P, bz, pys hy, E©Y)

where oy inv(Ey) is the inverse reaction cross section, again
calculated with the optical model, Z; (N) is the charge (neu-
tron) number of the ejectile and E'®' is the total energy of the
composite system.

For the p-h state density w(py, hy, pv, hy, Ex) We use
the expression of Bétak and Dobes [86,87]. Their formula is
based on the assumption of equidistant level spacing and is
corrected for the effect of the Pauli exclusion principle and

) (165)

@ Springer

for the finite depth of the potential well. The two-component
p-h state density is

ng Ny

8n 8v
Ptz pythyt(n — 1))
X (U — A(prs ha, o, h)" "L f(p, 1, UL V),

w(pT[9 hﬂ’ p\)y hv, E)C) =
(166)

where g, and g, are the single-particle state densities, A
the Pauli correction, f the finite well function, and U =
E, — Py, with P, j, the pairing correction [88]. We refer to
Ref. [81] for the expressions for Py, and A(py, hyz, py, hy).
For the single-particle state densities we take
gr =2/15, g, = N/15, (167)
which s, through the relationship g = 6a /72, in line with the
values for our total level density parameter a, see Eq. (227),
and also provides a globally better description of spectra than
g = A/13, used in several older exciton model parameteri-
zations.

The finite well function f(p, h, E,, V) accounts for the
fact that a hole cannot have an energy below that of the bottom
of the potential well depth V. It is given by

h . Ex_'v n—1
s e =1+ 0 (1) | 2]

i=1

xXO(Ex —1iV), (168)

where © is the unit step function. Note that f is different
from 1 only for excitation energies greater than V. In the
original version of Bétdk and Dobe$ [87], V is given by
the depth Ef of the Fermi well. This was generalized by
Kalbach [58,89] to obtain an effective method to include
surface effects in the first stage of the interaction, leading
to a harder pre-equilibrium spectrum. For the first stage the
maximum depth of the hole should be significantly reduced,
since in the surface region the potential is shallower than
in the interior. This automatically leaves more energy to be
adopted by the excited particle, yielding more emission at the
highest outgoing energies. We use the following functional
form for V in terms of the projectile energy E, and the mass
A,

4
V=2+16 P MeV f
+ E3 4+ @50/
h = 1 and incident protons,
E4
V=12+26 MeV for

p
E;‘, + (245/ A1/3)4
h = 1 and incident neutrons,

V=E;=38MeViorh > 1, (169)

see Ref. [81] for a further justification of this parameterisa-
tion.
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C. Lifetimes

The lifetime t of exciton state (p, hx, pv, hy) in Eq. (163)
is defined as the inverse sum of the total emission rate and
the various internal transition rates,

T(Pr, hx, v, hy) = [)\;(pn’ hz, pv, hy)
AT (P s Pos B) + 22 (P B, pu, )
20 Py hs Doy hy) + W(pr, ha, po, B)1TY, (170)

where )»;T" (Aj‘) is the internal transition rate for proton (neu-
tron) p-h pair creation, A2 (A0} is the rate for the conversion
of a proton (neutron) p-h pair into a neutron (proton) p-h pair,
and A () is the rate for p-h annihilation. The total emis-
sion rate W is the integral of Eq. (165) over all outgoing
energies, summed over all outgoing particles,

W(pz, hx, pv, hy) = Z
k=y.n,p,d,t,h,a

/dEka(pﬂ’ h?‘[s Pw hl)v Ek)
171)

Expressions for the internal transition rates A and the pre-
equilibrium population P in Eq. (163) are rather extensive
and are given in Ref. [81].

D. Internal transition rates

The transition rates AT (A?) for the creation (conversion) of a
p-h pair are expressed in terms of a collision probability per
unit time, which contains the main parameter that drives the
pre-equilibrium strength.

We distinguish between two options for the collision prob-
abilities. The best known is to express them in terms of an
effective squared matrix element M2, as used in many exci-
ton model analyses. This matrix element thus represents an
effective residual interaction, whereby all individual residual
interactions taking place inside the nucleus can be cast into
an average form for the squared matrix element to which one
assigns a global energy dependence.

The average residual interaction inside the nucleus is not
necessarily the same for like and unlike nucleons, and there-
fore the two-component exciton model contains 4 differ-
ent matrix elements. They all relate to the following semi-
empirical expression which has been shown to work for inci-
dent energies up to 200 MeV [81]:

C1A 4.62 x 10°
2= O 780, + .

3 (E 107003
GE +10.7C3)?

(172)

where E'" is the total energy of the system and Cp, C;
and C3 are adjustable constants that are all equal to 1 by
default, and A, is the mass number of the projectile, which
allows generalization for complex-particle reactions. Equa-
tion (172) is slightly different (10%) from the expression

given in Ref. [81] to allow for better fits of excitation func-
tions.

We also emphasize that the above parameterization has
been fine-tuned to experimental particle emission spectra as
these form the most exclusive type on information to con-
strain the pre-equilibrium models. This does not necessarily
give the optimal solution for cross section excitation func-
tions and recently more attempts have been made to establish
new trends for M2 on the basis of excitation functions [90].

Instead of modeling the intranuclear transition rate by an
average squared matrix element, one may also relate the tran-
sition rate to an effective imaginary optical potential [81]
related to nucleon-nucleon collisions in nuclear matter:
WE(E) = CO™ W, (E). (173)
We use as best overall parameter C°™P = 0.55. Apart from
C°™P_ this constitutes a parameter-free model. When exper-
imental data from the EXFOR database [80] become pro-
grammatically available, an interesting future study is to see
which of the two options for the transition rates gives the best
trend and whether our parameterizations can be improved.

6.2 Photon exciton model

For pre-equilibrium photon emission, we have implemented
the model of Akkermans and Gruppelaar [91]. This model
gives a simple but powerful simulation of the direct and semi-
direct capture process within the framework of the exciton
model. Analogous to the particle emission rates, the contin-
uum y-ray emission rates may be derived from the principle
of detailed balance or microscopic reversibility, assuming
that only E1-transitions contribute. This yields for the two-
component emission rate
E2
WV (pﬂa Ry pus by, Ey) = Wgcz
% Oy.abs (E y) 1
@ (Prs bz, pv, by, E) g(n —2) + ngJ/

1
X <g2Ey§ [w(pﬂ — 1L hy —1,py,hy, Ex — Ey)

+w (pn, hg,py—1,hy — 1, Ex — Ey)]
+gna)(Pn, h]'[v vazhv, Ex - E)/)) , (174)
gn+g°E,

where g is the single-particle state density, n the exciton
number and o, 4ps (E ) is the photon absorption cross section
of Eq. (294). The initial p-h configuration is no = 1 (1 p0h)
for photon emission. For “direct” y-ray emission in nucleon-
induced reactions only the second term between brackets
(n = 1) contributes. The “semi-direct” y-ray emission (n =
3) consists of both terms.
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The emission rate (174) is included in Eq. (163), so that the
pre-equilibrium photon cross section automatically emerges.

6.3 Pre-equilibrium spin distribution

Since the exciton model described above does not provide a
spin distribution for the residual states after pre-equilibrium
emission, a model needs to be adopted that provides the spin
population in the continuum after binary reactions and further
pre-equilibrium stages. TALY'S provides two options for this.
The default is to adopt the compound nucleus spin distribu-
tion (described in Sect. 5) also for the excited states resulting
from pre-equilibrium emission. Another option that has been
quite often used in the past is to assign a spin distribution to
the p-h state density. For that, we adopt the usual decom-
position of the state density into a J-dependent part and an
energy-dependent part,

/O(pﬂ5 hﬂa plh hUa J? EX) = (2‘] + I)R}’l(‘])
Xa)(Pn'vhn'v vahv»Ex)-
(175)

The function R, (J) represents the spin distribution of the
states in the continuum. It is given by

2J +1

U +3)?

where the spin cut-off parameter o is given by Ref. [92],

(177)

where A is the mass number of the nucleus and by default
Cp, = 0.24. In practice, with this option the residual states
formed by pre-equilibrium reactions would be multiplied by
R, a posteriori. The default in TALYS is still to use the
compound nucleus spin distribution. There has been quite
some debate about the correct spin distributions for pre-
equilibrium reactions, see e.g. Ref. [83] and updated versions
of Eq. (175) will be reserved for future pre-equilibrium mod-
els which consistently take the spin into account throughout
the entire formalism. There are several indications that the
spin-distribution should be narrower than the one prescribed
by Eq.( 177), and as an example Ref. [93] provides a discus-
sion of this issue for 238U (n, n’y) reactions.

6.4 Continuum stripping, pick-up, break-up and knock-out
reactions

For pre-equilibrium reactions involving deuterons, tritons,
Helium-3 and alpha particles, a contribution from the exci-
ton model is automatically calculated with the formalism
of the previous subsections. It is however well known that
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for nuclear reactions involving composite projectiles and
ejectiles, mechanisms like stripping, pick-up, break-up and
knock-out play an important role and these direct-like reac-
tions are not covered by the exciton model. Therefore,
Kalbach [94,95] developed a phenomenological contribution
for these mechanisms, which we have included in TALYS. In
total, the pre-equilibrium cross section for these reactions is
given by the sum of an exciton model (EM), nucleon transfer
(NT), knock-out (KO) and break-up (BU) contribution:

da}greeq dO,fM dUkNT dUkKO deBU
L S/ S/ S/ S
dEy dEy dEy dEy dEy

where the contribution from the exciton model was outlined
in the previous subsection.

6.4.1 Transfer reactions

The general differential cross section formula for a nucleon
transfer reaction of the type A(a, b)B is

dogy _ 255+ 1 Ay Evonino(Es)  ( Aa \*"
dEy 25 +1 A, Aq E,+V,

( Ca )n (ZZA >2(Zn+2)hn+2p\y
X|{—) No| ——
Ap Ap

XONT (Prs My pv, By, U),

(179)
where

C, = 5500 for incident neutrons,

= 3800 for incident charged particles,

N

SO, for pickup,

for stripping,

1
"~ 580E,

for exchange. (180)

1
~ 1160E,
K is an enhancement factor taking into account the fact that
d, t and 3-He are loosely bound:

K =12 for (N, ),

E,—20
= 12—11E— for (@, N) and E, > 20,

a

= 1 otherwise, (181)

where N stands for either neutron or proton. The well depth
V, is set at

Ve =12.54, MeV, (182)
and represents the average potential drop seen by the projec-
tile between infinity and the Fermi level. The possible degrees

of freedom for the reaction are all included in the residual
state density oyt (px, Az, pv, by, U). Since we do not use
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this model to describe exchange reactions in inelastic scatter-
ing, there is no need to sum the various terms of Eq. (179) over
P, as in Ref. [94]. The exciton numbers are automatically
determined by the transfer reaction, i.e. n =| A, — Ap |,
Ng = hy =| Zo —Zp |, ny = hy =| Ny — Np |,
pr = py = 0. The accessible state density that is directly
determined by the reaction is w(py, hx, py, hy, U), given
by Eq. (166). The total residual state density however also
takes into account more complex configurations that can be
excited by the transfer reaction. It is given by

3 3-i
ONT (Prs By pus b, U) =) ) (Xnp)'™
i=0 j=0
Xw(pr +i, hy +1, py + j, hy + j, U)
pﬂ hT[ pV hl} 1
Oli+j+k+1—=
3NN ICI(CIETITEEY
i=0 j=0 k=0 =0
X0(pr —i,hx — j, pv —k, hy — 1, U). (183)
The first term allows that up to three p-h pairs can be excited in
atransfer reaction. The factor X y7 represents the probability

for exciting such a pair and is given by

_ 1EJA,

2, 2 32 2
VA2 (py + py +h;, +1.5h7).
A

XNT (184)

For neutrons and protons we adopt for V| the value given by
Eq. (169), for deuterons and tritons we take V=17 MeV, and
for Helium-3 and alpha particles we take V1=25 MeV. The
finite well depth correction for Eq. (183) are made using a
well depth of

27\ .
V:Vl 7 lf}’ln:O

=V otherwise. (185)

The second term of Eq. (183) allows for transfer of nucleons
at the Fermi level. Here, the Heaviside function ® is merely
used to avoid double counting of w (py, hy, py, hy, U).

6.4.2 Knockout reactions

For (nucleon,«) reactions a knockout contribution is added.
The general differential cross section formula for a knockout
reaction of the type A(a, b)B is

do—al,(bo _ 0a,inv(Ea)
dEy 14
Pygagy (U — Axo(pa, hp)]
Zcza,b(zsc + DA (o)
1

X
(Emax + 2Bcoul,c)(Emax -

2sp + D) ApEpop iny(Ep)

(186)
Bcoul,c)zgagg/égc

where Py, is the probability of exciting a b-type p-h pair, E,;qx
is the maximum emission energy, and B¢, is the Coulomb
barrier for a particle c. The average inverse cross section (o)
is given by

Emﬂ.\'
(0e) = / dEo.(E).
B,

coul,c

(187)

For the knockout model, the single-particle state density
parameters for the cluster degrees of freedom g represent
the number of cluster states per unit energy. The relevant
values are given by

en=N/13, gp,=2/13, g4 = A/208 MeV. (188)
The Pauli correction factor Ak o is given by
Axo(pashp) ! ! (189)
KOo\PasNp) = 7 — —>-
‘ 282 2g}

The probabilities for exciting the various p-h pairs are

P, = Na—@QZa
Ap —20ZA+ PZ4/2
P — Za—QZa
P AN —20Za+ $Za/2
$Za/2

(190)

Y AA=20Za+9Za/2
The factors ¢ are a kind of pre-formation parameters [94].
The following values are adopted

Ni < 116:¢ = 0.08
116 < Ny < 126 : ¢ = 0.02 +0.06(126 — N4)/10
126 < Ny < 129 : ¢ = 0.02 + 0.06(N4 — 126)/3

129 < N4y : ¢ = 0.08. (191)

6.4.3 Break-up reactions

For reactions induced by complex particles, break-up may
play an important role. This holds especially for the weakly
bound deuteron. Break-up is here defined as having a projec-
tile fragment emerged from the reaction in a relatively nar-
row peak centered close to the beam velocity and strongly
directed toward forward angles. For break-up reactions, the
model by Kalbach [95] has been included. This leads to an
extra contribution for all complex-particle induced reactions
and in particular for the (d, n) and (d, p) channels.

The basic parameters for this empirical model for a pro-
jectile a and ejectile b are the centroid energy of the breakup
peak given by

Ap
_(Einc - Ca) + Cba

Eyg =
0 A,

(192)
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where A, j, is the mass number and C, ; the Coulomb bar-
rier of the particles involved. Expressions for these terms
are given in Ref. [95]. The break-up peak is assumed to be
described by a Gaussian,

1 ( (Einc—E0)2>
exp|———7—1,

w21 2w?

P(Einc) = (193)

where the expression for w can be found in Ref. [95].

An alternative option for the break-up component in
TALYS is the model by Avrigeanu et al. [96]. For that model
however, contributions of explicit direct break-up reactions
need to be added by other codes, to give the total (d, p) cross
section.

6.5 Angular distribution systematics

A sound pre-equilibrium theory should, besides the angle-
integrated spectra, also describe the smooth forward peaked
angular distributions in the continuum. To do so, the multi-
step direct reaction model has been included in TALYSS, but
only as a global collective-like method. Semi-classical mod-
els, such as the exciton model, have always had some prob-
lems to describe angular distributions, essentially because
it is based on a compound-like concept instead of a direct
one [97]. A powerful phenomenological method is given
by Kalbach [79]. It is based on experimental information
only and the insight that in general, a pre-equilibrium pro-
cess consists of a forward peaked part (multi-step direct) and
an isotropic part (multi-step compound), and that the angu-
lar distributions are fairly structureless and all look alike.
The corresponding formula for the double-differential cross
section for a projectile a and an ejectile b is

dzaa,xb 1 doPreed N docomp a
dEydQ 4w | dE, dE, | sinh(a)
X [cosh(a cos ®) 4+ fyrsp(Ep) sinh(a cos ®)],

(194)

where E, and E), are the incident and the outgoing energy,
. ree: com, .
respectively, and d;l;bq and d‘; E;,p are the angle-integrated
pre-equilibrium and compound spectra, respectively, and
Sfmsp 1is the so-called multi-step direct or pre-equilibrium

ratio:

fusp(Ep) =

doPreed doPreed docomp
o |: o o :|’ (195)

dE} dE} + dEj

which thus increases from practically O at very low emission
energy to 1 at the highest emission energies. Hence, once the
angle-integrated spectra are known, the parameter a deter-
mines the angular distribution. We refer to Ref. [79] for the
expression for a.
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Since we calculate the pre-equilibrium and compound
cross sections explicitly, and actually only store fysp in
data libraries, Eq. (194) can be reduced to a formula for the
double-differential pre-equilibrium cross section

d?P | goreea g
: = ———exp(acos ®),

__ax _ -7 196
dEpdQ2 4w dEp sinh(a) (156)

to which the isotropic compound angular distribution can be
. . ree

added. In sum, given the angle-integrated spectrum d(;pEb b

some physics model, the double-differential cross section is

returned quite simply and reasonably accurate by Eq. (196).

7 Direct capture

At relatively low energies, the reaction model described in
the present sections makes the fundamental assumption that
the capture process takes place with the intermediate for-
mation of a compound nucleus in thermodynamic equilib-
rium. The energy of the incident particle is then shared more
or less uniformly by all the nucleons before releasing the
energy by particle emission or y-de-excitation. The forma-
tion of a compound nucleus is usually justified by assum-
ing that the nuclear level density in the compound system at
the projectile incident energy is large enough to ensure an
average statistical continuum superposition of available res-
onances [98]. However, when the number of available states
in the compound system is relatively small, the validity of
the Hauser-Feshbach predictions has to be questioned, the
neutron capture process being possibly dominated by direct
electromagnetic transitions to a bound final state rather than
through a compound intermediary. The direct capture (DC)
proceeds via the excitation of only a few degrees of free-
dom on much shorter time scales reflecting the time taken by
the projectile to traverse the target. For the DC process, the
mean free path of the incident particle is comparable with
the size of the nucleus and the particle ejection occurs pref-
erentially at forward angles. It has become clear, however,
that the DC process is important, and often dominating at
the very low energies of astrophysical interest, especially for
light or exotic nuclei systems for which few, or even no res-
onant states are available [99-103]. This should be also the
case for medium-mass or heavy neutron rich nuclei.

The DC cross section is not calculated by default at the
present time, since (i) its ingredients (mainly the excited spec-
trum and spectroscopic factors) remain difficult to determine
on theoretical grounds, (ii) most of the HF/pre-equilibirium
ingredients have been tuned without including the DC con-
tribution (even if small), and (iii) the model has not been
widely tested, especially for charged-particle-induced reac-
tions or for a large range of energies.
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A TALYS calculation of the DC cross sections is done
within the potential model, following the method described in
Ref. [102]. This model is employed to study the neutron DC
reaction describing the transition from the initial scattering
state A +n directly to the final nucleus B with accompanying
y-ray emission. The allowed electric dipole (E'1), electric
quadrupole (E£2) and magnetic dipole (M1) transitions to
the ground state as well as all possible excited states in the
final nucleus are taken into account.

In the case of neutron capture, the DC cross section for
A(n, y)B can be expressed as [104]

£}
oPC(E) =) Spof(E)
=0

Sn
+/X Z p(Ef,Jf,JTf)(Sf)O;()def.
EB Jfﬁnf

(197)

Below the level x at energy E%, the sum runs over all the
available discrete final states in the residual nucleus B, which
are usually experimental levels if available. Sy is the spec-
troscopic factor describing the overlap between the antisym-
metrized wave function of the initial system A + n and the
final state B*. Above E7, the summation is replaced by a con-
tinuous integration over a spin- and parity-dependent nuclear
level density p(E ¢, S¢, 7 ) and the spectroscopic factor by
an average quantity (S y) that can be energy-dependent. In the
TALYS structure database, experimental information on dis-
crete levels are included, whenever available (see Sect. 10).
Similarly, experimental information on spectroscopic fac-
tors extracted from (d, p) reactions has been extracted from
Nuclear Data Sheets journals for about 4270 nuclear levels
in 146 different nuclei [105]. When not available experimen-
tally, the level density and spectroscopic factors included in
Eq. (197) are taken from either

1. the spin- and parity-dependent one-particle one-hole neu-
tron excitations deduced from the combinatorial nuclear
level density [106] with an average spectroscopic factor
(Sr)=1.0;0r

2. total one-particle one-hole neutron excitations deduced
from the combinatorial nuclear level density [106] with
an average spectroscopic factor (Sy) = 1.0; or

3. the spin- and parity-dependent combinatorial nuclear
level density from Ref. [106] with a simple energy-

dependent prescription (S ¢ (E r)) = 0.140.33 exp(—0.8E)

(where E is the excitation energy in MeV) based on
shell-model results [107].

In all cases, the ground state contribution in Eq. (197) is cal-
culated with S y=0.347 for even-even targets, a value deduced
from the compilation of all the known spectroscopic fac-

tors [105], and with S =1 for odd-A targets. These values of
Sy were shown to minimize deviations between theory and
experiment in nuclei close to the valley of B-stability where
the three models yield similar results [102, 107].

The potential model calculates the transition matrix ele-
ments between the initial and the final states by sandwiching
the electromagnetic operators in the long wave-length limit. It
is usually enough to consider the E'1, E2 and M 1 transitions
which is the TALYS case. The complete set of equations used
to calculate the matrix elements of the electromagnetic opera-
tors can be found in Ref. [102]. The radial wave functions are
obtained from the solution of the 2-body Schrodinger equa-
tion with a central potential, the same as the one used for the
Hauser-Feshbach and pre-equilibrium channels. It should be
emphasized that TALYS treats the three (compound nucleus,
pre-equilibrium, and direct) capture mechanisms coherently,
i.e they are obtained on the basis of the same nuclear ingredi-
ents, such as the optical potential and nuclear level densities.
In this framework, the three components are calculated on
the same footing and represent partial fluxes of the same
total reaction cross section.

8 Multiple emission

At incident energies above approximately the neutron sep-
aration energy, the residual nuclides formed after the first
binary reaction are populated with enough excitation energy
to enable further decay by particle emission or fission. This
is called multiple emission and leads to e.g. (n, 2n) and
more complex reaction channels (see Fig. 5). We distinguish
between two mechanisms: multiple compound (Hauser-
Feshbach) decay, which becomes important as soon as the
incident energy is higher than the neutron separation energy
and multiple pre-equilibrium decay, which becomes impor-
tant above 30—40 MeV of incident energy.

8.1 Multiple Hauser—Feshbach decay

This is the conventional way, and for incident energies up to
several tens of MeV sufficient, to treat multiple emission. It
is assumed that direct, pre-equilibrium, and compound pro-
cesses can take place in the binary reaction and that secondary
and further particles are emitted by compound emission.
After the binary reaction, the residual nucleus may be left
in an excited discrete state i’ or an excited state within a
continuum bin i” which is characterized by excitation energy
E. (i), spin I’ and parity IT’. The population of this state or
set of states is given by a probability distribution for Hauser-
Feshbach decay PHF that is completely determined by the
binary reaction mechanism. For a binary neutron-induced
reaction to a discrete state i/, i.e. when E,(i’), I’ and IT’
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have unique values, the residual population is given by
PI(Z N E(i). 1", TT)

=0 (B [ TI = E(i'), I',TT), (198)

where the non-elastic reaction cross section for a discrete
state o .k Was defined in Sect. 2.3.2 and where the ejec-
tile k/ connects the initial compound nucleus (Z¢, N¢) and
the residual nucleus (Z’, N’). For binary reactions to the
continuum, the residual population of states characterised
by (I’,T1") per E,(i’) bin is given by the sum of a pre-
equilibrium and a compound contribution

PHE(Z/ N, E G, I, TT)
do.comp,cam
= /dEk,T(E"”, I,T1 — E (i), I', 1)

+Ppre(z/ N/ max+1 hmax+1

P 1 R 41 EL (7)), (199)

where the integration range over d Ey corresponds exactly
with the bin width of E; (i) and PP™ denotes the population
entering the compound stage after primary pre-equilibrium
emission. The expression for PP will be given in Eq. (203)
of the next subsection. Once the first generation of residual
nuclides/states has been filled, the picture can be generalized
to tertiary and higher order multiple emission.
In general, the population PHF before decay of alevel i’ or
a set of states (I’, IT’, E;(i")) in bin i’ of a nucleus (Z’, N')
in the reaction chain is proportional to the feeding, through
the ejectiles k', from all possible mother bins i with an energy
E. (i) in the (Z, N) nuclides, i.e.
PHE(Z/ N E G, I, TT)
=YY Pz N Ec(). 1. 1)
LI ki
erre(Z N, pmax +1, hmux 1,
Py 1R 4 1, Ex ()]
Cw(Ex(@), I,T1 — E. (@), I, )
x o (B (7). 1. TI)

max

(200)

The appearance of the indices p'** indicates that only the
reaction population that has not been emitted via the (multi-
ple) pre-equilibrium mechanism propagates to the multiple
compound stage. Similar to Eq. (136) the decay widths are
given by
Tv(Ec(), 1,1 — E ("), I',T1)
1
- 27p(Ex(i), 1, T1)
J+1 J'+s

x 3D @) (T E).

J=I=I =] =]

(201)

Again, the term 27 p (compound nucleus level density) of the
decay width Eq. (201) falls out of the multiple emission equa-
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tion Eq. (200) and therefore does not need to be calculated
in practice. The total decay width is

J+lmax

> oy oy

k" I"=mod(J+s,1) I1"=—1
Y Tw(Ex(i). 1T — E ("), 1", T1").

i

T E (), I,TI) =
(202)

In sum, the differences between binary and multiple com-
pound emission are that width fluctuations and angular distri-
butions do not enter the model and that the initial compound
nucleus energy E'' is replaced by an excitation energy bin
E, of the mother nucleus. The calculational procedure, in
terms of sequences of decaying bins, was already explained
in Sect. 2.

8.2 Multiple pre-equilibrium emission

At excitation energies above typically 30-40 MeV, the com-
posite nucleus is far from equilibrated and it is obvious that
the excited nucleus should be described by more degrees of
freedom than just E,, J and I1. In general, we need to keep
track of the p-h configurations that are excited throughout the
reaction chain and thereby calculate multiple pre-equilibrium
emission up to any order. This is accomplished by treating
multiple pre-equilibrium emission within the exciton model,
which is the default option for multiple pre-equilibrium cal-
culations in TALYS. The probability that a second fast par-
ticle is emitted starts to increase around 40-50 MeV of
incident energy and above 100 MeV several fast particles
can be emitted from the non-equilibrated nucleus, similar to
the picture in high-energy intranuclear cascade models. The
exciton model approach in TALYS is one of several mech-
anisms that have been implemented in the past to handle
multiple-preequilibrium emission. In essence, it is a phase
space approach towards the well known intranuclear cascade
picture, in which first various fast partciles are knocked out
of the nucleus before the evaporation stage. Within the pree-
quilibrium picture, other approaches have been developed,
such as the Hybrid Monte Carlo Simulation (HMS) model
implemented in EMPIRE [108]. The method implemented
in TALYS can be regarded as completely deterministic.
The same argument as for primary pre-equilibrium emission
holds: multiple pre-equilibrium emission takes away so much
excitation energy that the process has a large impact on the
prediction of residual production cross sections, as illustrated
in Sect. 16. Besides the formulation in terms of the exciton
model, TALY'S also contains an alternative more approxima-
tive model for multiple pre-equilibrium emission, called the
s-wave transmission coefficient method. Both approaches are
discussed below.

For multiple pre-equilibrium emission within the exci-
ton model, we introduce the pre-equilibrium population
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PP(Z, N, pr,hz, pv, hy, Ex(i)) which holds the amount

of the reaction population present in a (Z, N) nucleus,

(px, hx, pv, hy) exciton state and excitation energy bin

E,(i). A special case is the pre-equilibrium population for a

particular exciton state after binary emission, which can be

written as

’PPTC(Z/’ N/’ Pr — Zk/v hnv DPv —
=o(Zc, N, B

XWk/(ZC’ NC5 EtOta p?‘[7 hﬂv pl)’ hlh Ek/)
XT(ZC’ NC? EtOtv Pn’v hn’v Pw hl))
xP(Zc, Nc, Et0t7 D> ha, Dy, hy),

Nk’v h\)a Ex(i/))

(203)

where Z¢ (N¢) again is the compound nucleus charge (neu-
tron) number and Z;s (Ny) corresponds to the ejectile charge
(neutron) number. The residual excitation energy E (i’) is
linked to the total energy E'®, the ejectile energy Ej/, and its
separation energy S(k') by E,(i’) = E" — Ep — S(k').
This PP represents the feeding term for secondary pre-
equilibrium emission. Note that for several p-h configura-
tions this population is equal to zero.

In general, the pre-equilibrium population can be expressed
in terms of the mother nucleus, excitation energy bins,
and p-h configurations from which it is fed. The resid-
ual population is given by a generalization of Eq. (163),
in which o%¥(Z¢, N¢, E'Y) is replaced by the popula-
tion of the p-h states left after the previous emission stage
PPe(Z, N, pg, hg, pg, h(u), E.(i)). Since several combina-
tions of emission and internal transitions may lead to the
same configuration, a summation is applied over the ejec-
tiles treated in multiple pre-equilibrium (neutrons and pro-
tons), over the (pO ho pg, h(v)) configurations with which
the next step is started and over the mother excitation energy
bins:

e / / / / / / ./
PP(Z N, pl b, pl Il Ex())
p?ﬂx h?ax anZlX h]l”?ax

apIDIDIDIDISD

kK'=n,p pd=1h0=1pl=1n0=1 i

PP(Z, N, pY, by, pY, ), Ex(i))
XWk(ZvN7pn»hn»pv»hw Ex(l)v Ek’)
XT(Z7N5 p!TahJT7pU7hV7EX(i))

XP(Z3 Nv pT[shTrv p\)s h\hEx(i))a (204)

where the mother and daughter quantities are related by

Z=27+Zp,
N =N+ Ny,
pr = Py + Zi,
—
pv = P, + Ni,
hy = H,

E. =E.(i'")+ Ep + Sp. (205)

In the computation, we thus need to keep track of every possi-
ble (Z', N', pL.. hl., p,, hl,, Ex(i")) configuration, which is
uniquely linked to a mother exciton state (Z, N, py, hyx, pv,
hy, E,(i)) through the ejectile characterized by (Zy/, Ny, E/).
The term P(Z, N, pr, hx, pv, hy, Ex(i)) represents the
part of the pre-equilibrium cross section that starts in
(Z,N, p0 ho pg, h(u), E, (i)) and survives emission up to a
new p-hstate (Z, N, pr, hx, py, hy, E;(i)). The initial con-
dition is
P(Z,N,p2, hY, pO n, E.(i)) = 1. (206)
The part of PP that does not feed a new pre-equilibrium pop-
ulation automatically goes to the multiple Hauser-Feshbach
chain of Eq. (200).

The final expression for the multiple pre-equilibrium spec-
trum is very similar to Eq.( 163)

max hln’lX max hmax

dO' mpreeq P Py

D)D)

pO=1h0=1 p0=1h0=1

> PP(Z N, p2. hY. pd. hY. Ex(i))
i

qu h max max h max

Py

Prn= [771 hn—ho Pv= hv—ho

Wk(Z7 Ns pn’v h]‘[v p]}v h\)s EX(i)’ Ek’)
XT(Z, N, pr, hz, pv, hy, Ex(i))

P(ZyNa p?‘[9h7'[a Pv’hv,Ex(i))' (207)

Apart from the exciton model TALYS offers another,
slightly faster, method to determine multiple pre-equilibrium
emission by Chadwick et al. [109,110], using the s-wave
transmission coefficient. In this method, the multiple pre-
equilibrium spectrum is given by the following expression:

mdx hmdx max hmdx

)2

330355

pO=1h0=1p0=1 h0=1

1
precz N, po hY, pO n0 EL () —
Z ( pn m p]} v x( ))p2+p0

v

do mpreeq

dEk/

i

@ (Zy, hY, N, hY, Ex + Sp)

w(po h() pgv hgv Ex(l))
xo(p — Zir, Y, p — N, b, Ex (i) — Ep — Spr)
x Ty (Exr). (208)

In this approach each residual p-h configuration created in the
primary pre-equilibrium decay may have one or more excited
particles in the continuum. Each of these excited particles
can either be emitted or captured. The emission probability
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is assumed to be well represented by the s-wave transmission
coefficient Ty (Ey).

8.3 Initially populated target nuclei

Usually, a TALYS calculation concerns a projectile with a
certain incident energy and a target. For various applications,
it is also of prime interest to introduce the possibility to start
the decay from an initial population, i.e. an excited nucleus
with fixed excitation energy or a population distributed over
excitation energy, possibly characterized by given spin and
parity distributions as well. Interesting applications concern,
for example, the calculation of 8-delayed processes starting
from an initial 8-strength function or the neutron and gamma
decay from fission fragments. In the latter case, one can cal-
culate the fragment distribution from fission, e.g. as described
in Sect. 14 or from empirical methods, and assume a popu-
lation per excitation energy and spin, of the excited light and
heavy fission fragments. This distribution is given by

> O PM(Z, N EcG), 1,10,
1,11

i

(209)

and is then the starting point for a TALYS calculation. The
initial population enters the Hauser-Feshbach scheme and
the compound nucleus calculation proceeds as in Eq. (200).
The emitted neutrons and photons can be recorded as well
as the path from fission fragment to fission product. All
relevant nuclear structure quantities are available since we
simulate the process by a photon-induced reaction, the only
difference being that we do not excite a single compound
nucleus energy but directly fill the continuum bins and dis-
crete levels according to our specified starting population.
Also, there is no width fluctuation correction in this case.
The initial population can be provided at two levels of detail.
A full excitation energy-spin-parity population can be given,
which is then interpolated on the internal excitation energy
scheme of TALYS. Alternatively, only the total population
per excitation energy can be given, after which the spin-
parity-dependent population is determined by multiplying
it with the spin distribution of Eq. (213). This option is the
basis for the calculation of fission neutron observables and
fission yields. There are however more applications for this
feature, such as coupling a high-energy intranuclear cascade
code with TALYS, the latter taking care of the low energy
evaporation part including all its quantum-mechanical con-
servation rules.

9 Nuclear masses and deformations

At the level of nuclear physics that is relevant to TALYS,
the mass can be considered as the most fundamental prop-
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erty of the nucleus, and directly affects all the outcomes
of a nuclear reaction calculation. Separation energies and
Q-values directly depend on the masses of the involved
nuclides, and determine whether certain reactions can take
place or not. The nuclear community has invested a lot of
effort to measure, compile and evaluate experimental nuclear
masses [111] and simultaneously theoretical nuclear struc-
ture models have been developed to predict as accurately and
reliably as possible, masses and other nuclear structure prop-
erties, in particular for experimentally inaccessible nuclei.

In TALYS, we use both the real mass M in atomic
mass units (amu = 931.49386 MeV) and the mass excess
AM = (M — A) * amu in MeV from the mass tables. The
latter are retrieved from tables for a more precise calculation
of separation energies. For example, the neutron separation
energy of a nucleus (Z, N) is

Sy(Z,Ny=M(Z,N —1)— M(Z,N) + M(n), (210)

but we have actually implemented

Sy(Z,N)=AM(Z,N — 1) — AM(Z, N)+ AM(n),
(211)

where AM (n) is the neutron mass excess and similarly for
the other light particles.

For reaction Q-values one needs the masses of two

nuclides. The Q-value is the difference between two sepa-
ration energies,
Q(a,b) = S4(Z,N) — Sp(Z, N). (212)
If the experimental mass excess is known for only one of the
two nuclei involved, at the edge of the experimental mass
table, we take both theoretical mass excesses to calculate
the Q-value, for consistency. TALYS includes many different
theoretical models for predicting nuclear masses and basic
structure properties like deformations or matter densities. In
practice, theoretical models are only used for exotic nuclides
for which no experimental data is available. The experimen-
tal mass table contains data for 2550 nuclei. While for nuclear
technology only a band of 1000-1500 nuclides around the
valley of stability is relevant, the other exotic ones are essen-
tial for astrophysics.

9.1 Experimental nuclear masses

The most recent generally used Atomic Mass Evaluation
(AME) is the 2020 update of Ref. [111] which provides
experimental atomic masses for 2550 nuclei for TALYS. An
additional 1008 atomic masses, known as “recommended”
masses and extracted from the 2020 AME on the basis of the
smooth property of the mass surface [111] are also included
in TALYS.
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Obviously, around the valley of stability we need to use
experimentally determined masses and cannot afford to devi-
ate from this, especially if we want to reproduce experimental
reaction data and be credible when providing data for nuclear
applications.

9.2 Theoretical nuclear masses

Theoretical masses are needed outside the range where mea-
surements have been performed and sometimes exhibit a
remarkable dispersion, especially when applied in nuclear
reaction models. Despite the many mass models avail-
able [112,113], TALYS only includes a handful of those.
These mass predictions are obtained with physical models
that differ quite significantly in their essence and correspond
to the mostly used ones for applications. They all show a
relative small rms deviation o, < 0.8 MeV with respect to
the 2457 known masses with Z, N > 8 [111]. The TALYS
options include

e the mean-field Skyrme-Hartree-Fock-Bogoliubov nuclear
mass model (HFB24) based on the BSk24 Skyrme inter-
action [114] with o,,,; = 0.56 MeV. This is our default
model for theoretical masses,

e the mean-field Gogny-Hartree-Fock-Bogoliubov nuclear
mass model based on the D1M interaction [115] with
orms = 0.81 MeV,

e the macroscopic-microscopic finite-range droplet model
(FRDM) [116] with 0,5 = 0.61 MeV,

e the 10-parameter Duflo-Zuker (DZ) mass formula [117]
with o,,s = 0.61 MeV, included as a subroutine in
TALYS. This model is considered in particular if a
nuclide is even outside the mass table requested or can
be used simply as an interesting alternative.

The difference in theoretical mass estimates may have
an enormous impact on cross section calculations for exotic
nuclides. Figure 14 shows (n, y) cross section ratios at 100
keV for the neutron-rich Sn isotopes, for different mass
models relative to the default HFB24. Up to A = 140,
experimental or recommended masses are available from the
AME [111] and consequently differences in the cross sec-
tion calculation are only due to the different deformations
predicted by the various mass models. For A > 140 targets,
major discrepancies in the radiative neutron capture cross
sections are observed due to the different Q-values estimated
by the various mass models. Deviations by many orders of
magnitude can be obtained as soon as exotic n-rich nuclei
are concerned. Apart from the TALYS mass models, also the
WS4 model from Ref. [118] is included in the comparison.

Note that these (n, y) cross sections are calculated with
the HFB+combinatorial level densities, see Sect. 11 and
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50 n
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g NV
—~ 3 3
=107 1
N—"
e} E 1
04t FRDM/HFB24
3 E|
— DIM/HFB24
E 3
. — DZ/HFB24
10 6 E 1 1 1 1 1 E|
130 135 140 145 150 155 160

A

Fig. 14 Tllustration for the Sn neutron-rich isotopes of the dispersion
obtained in the (n, y) cross sections calculated at £, = 100 KeV
with different TALYS mass models. No direct capture contribution is
included

DIM+QRPA+0lim photon strength functions, see Sect. 12.
No direct capture contribution is included.

9.3 Deformation parameters

Deformation parameters are needed to estimate many dif-
ferent quantities in TALYS. First of all, as input to OMP
calculations for deformed nuclides, by means of the coupled-
channels (for strong deformations) or DWBA (for weak
deformations) formalism. This requires values for (at least)
B> and for rotational nuclides also B4 and Bg¢. In addi-
tion, deformation parameters are used to estimate nuclear
level density parameters, giant dipole parameters, as well
as moments of inertia. They are consistently taken from the
same model used for the atomic mass estimates.

9.4 Isotopic abundances

TALYS can calculate nuclear reaction data for natural ele-
ments. The isotopic abundances are taken from RIPL [9]
(which are equal to those of the Nuclear Wallet Cards from
Brookhaven National Laboratory). For a natural target ele-
ment, a TALY'S calculation is performed for each stable iso-
tope, after which the results are summed up weighted by the
respective isotopic abundances.

10 Discrete levels
The discrete level scheme of a nucleus is essential for nuclear
reaction simulations, as it plays a central role in both direct

and compound nuclear reactions. The complete properties of
each discrete level play an important role in:

e coupled-channels or DWBA calculations,
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e validating of the low-energy part of the level density, and
establishing the associated level density parameters,

e estimating the Hauser-Feshbach decay in which the tran-
sition to each discrete level competes with all other open
channels,

e cstimating the decay from higher to lower discrete lev-
els in residual nuclides (a) for gamma-ray intensities for
each transition, and (b) for the determination of the ratio
between isomeric and ground state production.

For the current capabilities of TALYS, the following prop-
erties for each discrete level is required: the sequence num-
ber, energy, spin, parity, half-life (especially for long-lived
isomers), number of branchings for gamma decay to lower
levels, branching ratios to lower levels, and the electron con-
version coefficients. More details about such properties and
their availability in TALYS are given below.

10.1 Completeness and property assignment

Ideally, discrete level information would all be available from
measurements, and indeed an extensive experimental dis-
crete level compilation and evaluation can be constructed
from the ENSDF [119] and NUBASE [120] databases. These
two databases are the source for the RIPL database [9] for
discrete levels, where NUBASE provides the most recent
evaluation for ground states and isomers, while ENSDF pro-
vides the entire level scheme. Unfortunately, to have partial
data about measured discrete levels is not enough for TALY'S,
or any nuclear model code. The information on the level
scheme needs to be complete, i.e. for each discrete level all
aforementioned properties need to be known, so that Hauser-
Feshbach decay and gamma-ray cascade can be properly cal-
culated, and no reaction flux remains locked up in a level
that cannot decay because, for example, the corresponding
spin or branching ratios remain unknown. Therefore, where
information is missing in RIPL, it is added to the TALYS dis-
crete level files with some educated guess. Each nuclide has a
maximum level number until which all properties need to be
known, experimentally or theoretically. Beyond that level,
level densities take over for the description of the reaction
process.

For nuclides far away from the valley of stability, the dis-
crete level database has been completed with the HFB ground
state estimates for spin and parity from the mass database
of Ref. [121], so that at least the discrete level and mass
databases span the same range of nuclides.

Each discrete level has a spin and parity. Often, the mea-
sured level scheme from ENSDF is complete in terms of
levels and energies up to a certain level number, but the spin
may not be specified. All one can do then is to assign the
spin and try to maximize the likelihood that it is correct. For
that, a histogram of the measured spins of all levels up to the

@ Springer

level of interest with the unmeasured spin is built. Next, this
histogram is compared with a Fermi gas spin distribution,

2J +1 (J + 1)?
Rp(Ey, J) = = —5—exp [— | (213)
where
2
o2 = <0.83A0'26> (214)

gives a reasonable estimate [122] for the spin distribution
of discrete levels with energies up to a few MeV. The value
assigned to the level with unknown spin is that of the his-
togram bin with measured spin values which has the largest
underestimation of the theoretical spin distribution. Hence,
when there are many levels with unknown spins the final
distribution of measured plus assigned spins will approach
the theoretical one. We stress here that the likelihood that
the assigned value is wrong is large, but at least the assign-
ment procedure is based on some physical justifications and
not random. A similar procedure is followed for unknown
parities, we assign the parity which leads to a more equal
parity distribution for all levels up to that level. Obviously,
a more rigorous fundamental approach to estimate discrete
level properties based on theory e.g. on the basis of shell
model calculations, including collective states, would be wel-
come.

In addition an assignment procedure needs to be followed
for branching ratios of levels which decay to lower levels.
Omission of branching ratios for a certain level, e.g. because
they have not been measured, would mean that there is no
gamma decay from that level, locking up the reaction flux at
that level and consequently leading to an underestimate of
the cross section to the low-lying levels. To assign branching
ratios we make use of the downward photon strength function
(PSF) E, which will be discussed in more detail in Sect. 12.
For each initial level I, the probability of decay to a final level
F is given by electric (E) or magnetic (M) radiation, with
E'1 and M1 as the strongest transitions. The gamma energy,
multipolarity and parity are given by

E, = E(I) — E(F),
L=1J)—=JF) ]|,

p = (_1)P(1)P(F)7 (215)
leading to the transmission coefficient

<~
Txe(Ey. 1, P') = 27 fx¢(E)E; T, (216)



Eur. Phys. J. A (2023) 59:131

Page 47 of 85 131

related to the PSF j@, as defined and discussed in Sect. 12,
and to the branching ratio Br to each final level through

-1
Br(I — F) = Tx((Ey.1, P')/ > Txo(Ey. 1. P).
i=1

(217)

TALYS retains the 4 largest branching ratios and normal-
izes them to 1. Finally, the electron conversion coefficient
estimates what fraction of the decay goes to electron con-
version and to the gamma-ray intensity. It is specified when
the branching ratio is experimentally known, in other cases
TALYS keeps it at the constant value of 0.001.

Fortunately, for important nuclides, detailed information
for the lowest 10-30 discrete levels is known, but there
may be exceptions. Therefore, it is absolutely essential in
such a combined experimental/theoretical database to record
exactly when discrete level properties have been assigned
using the theoretical considerations mentioned above, and
this is done in the TALYS discrete level database. This also
allows the user to have some adjustment freedom for fitting
experimental nuclear reaction data, by e.g. changing a spin
or branching ratio. Examples of level schemes with assigned
values and their explanation can be found in the TALYS man-
ual.

10.2 Coupling schemes for deformed nuclides

An important application of the discrete level scheme is
the coupling scheme for coupled-channels calculations. The
deformation of a nucleus can be characterized by the defor-
mation length §; or deformation parameter 8. In TALYS,
the type of collectivity can be spherical, vibrational, rota-
tional and asymmetric rotational, which corresponds with
the generally used options that ECIS gives for deformed
nuclides. For all stable nuclides, the coupling scheme has
been specified in a database whereby the user can choose
for more or less complexity by either including or exclud-
ing specific rotational and vibrational bands. For the rota-
tional band, the deformation parameter >, 84 and B¢ can be
given. If these B parameters are not given they are automat-
ically retrieved from the HFB mass directory, as described
in Sect. 9 on nuclear masses. In certain cases, the defor-
mation parameters have been adjusted to fit data, and then
they are added as extra information to the coupling schemes.
Also, for the first level of a vibrational band the deformation
parameter is given. The vibrational-rotational model is thus
invoked if within the rotational model also states belonging
to a vibrational band are specified. The level of complexity
of rotational or vibrational-rotational calculations can all be
specified. Weakly coupled levels are treated with DWBA.
As an example, for 40Ca, a coupled-channels calculation
with a vibrational model will automatically be invoked. Lev-

els 2 (37 at 3.737 MeV, with §3 = 1.34), 3 2" at 3.904
MeV, with §, = 0.36), 4 (5 at 4.491 MeV, with §5 = 0.93),
will all be coupled individually as one-phonon states. There
is also an option to enforce a spherical OMP calculation. In
that case all levels will be treated with DWBA.

The coupling schemes can become fairly complex. For
example, for 238U, the basis for the coupling scheme is a
rotational model in which 6 excited levels can be coupled
in one rotational band, while there are up to 5 vibrational
bands which can be included [54], leading to a total of 23
coupled levels. TALYS provides various options to make
such coupling schemes as simple or complex as possible.
More details about coupled-channels options using a vari-
ety of vibrational and rotational coupling schemes have been
discussed in Sect. 3.

11 Level densities

The nucleus is a quantum system in which the first low-
energy excitations from the ground state are characterized by
several discrete states with quantum numbers such as energy,
spin and parity, as described in Sect. 10. Beyond several tens
of discrete levels not all levels are experimentally observed
and one has to resort to a statistical approach to describe
the excited nucleus. Depending on the nuclide, one observes
that typically somewhere between 15 and 40 levels, the mea-
sured number of cumulative discrete levels starts to devi-
ate from the theoretical number of levels that is predicted
by a quantum-statistical approach. Several models for the
level density have been developed in the past, which range
from phenomenological analytical expressions to tabulated
level densities derived from microscopic nuclear structure
models.

The level density p(Ey, J, IT) corresponds to the number
of nuclear levels per MeV around an excitation energy E.,
for a certain spin J and parity I1. The fotal level density
p°(E,) corresponds to the total number of levels per MeV
around E,, and is obtained by summing the level density over
spin and parity,

pOUEN) =) p(Ex. J.TD). (218)

J. 1

An important constraint for a level density model is
that at an excitation energy around the neutron separation
energy S,, it reproduces the density of observed resonances
obtained from low-energy neutron measurements. In partic-
ular, Dy, the average s-wave resonance spacing at S,,, which
is obtained from the available experimental data set of s-
wave resonances [9,75], is related to the inverse of the level
density. The following equation applies,
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Fig. 15 Level density models implemented in TALYS for the stable
%Mo and the exotic '>*Mo. The use of Eq. (230), enabling to adjust the
level density models for Mo, results in an overall agreement between
the various models while a clear difference is observed for '>*Mo for
which neither experimental low-lying levels nor s-wave mean spacing
data are available

1 J=I+}
o= > p(Su.J. ), (219)
J=|I1-1)

where [ is the spin of the target nucleus.

The other important constraint is that at low excitation
energies, the total level density reproduces the observed num-
ber of cumulative discrete levels. This means that

E

U
Ny =Ni+ f dE,p° (Ey), (220)

Er

where N and its corresponding energy E is an offset, i.e.
a low-energy level which is not expected to fall within the
statistical level density regime, and the total level density is
required to reproduce the number of levels until a certain
level Ny with energy Ey. Beyond Ny it is expected that
experimental levels are missing.

As an illustration, the total level density obtained with
the various models implemented in TALY'S are compared in
Fig. 15 for two nuclei, namely 96Mo and the exotic **Mo.
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The complete mathematical details of the various level den-
sity models in TALYS can be found in Ref. [122]. In order to
make this paper self contained, we restrict ourselves to the
formulae which have been implemented and leave out the
derivation.

11.1 Phenomenological level densities

TALYS has the option to use three phenomenological level
density models, namely the Constant Temperature Model
(CTM) [122], the Back-shifted Fermi gas Model (BFM)
[122], and the Generalized Superfluid Model (GSM) [123,
124]. Most of the phenomenological level density models
developed in the past belong to one of these three categories.
The objective of Ref. [122] was to produce consistent param-
eterizations for both the CTM and BFM based on the same
experimental data set. Both models are summarized below.

When level densities are given by analytical expressions
they are usually factorized as follows
P(Ex, J,T) = P(Ex, J,TDR(Ey, J)p' " (Ey), (221)
where P(Ey, J, I1) is the parity distribution and R(Ey, J)
the spin distribution. In all phenomenological level density
models in TALYS the parity equipartition is assumed, i.e.

1

P(Ey, J, 1) = 2, (222)
while the microscopic models are parity-dependent and may
not have equal parity distributions.

11.1.1 The Fermi Gas Model

The Fermi Gas model (FGM) lies at the basis of all phe-
nomenological models and is based on the assumption that
the single-particle states which construct the excited levels
of the nucleus are equally spaced, and that collective levels
are absent. The Fermi gas level density is [125]

1 2J +1 [_(J+%)2}

E.J, 1) ==
PF(Ey ) RN ex o3
7 EXP [2«/aU ]
o T dAySA
where the first factor % represents the equiparity distribution
and o2 is the spin cut-off parameter, which represents the

width of the angular momentum distribution. The effective
excitation energy U is defined by

(223)

U=E,—A, (224)

where the energy shift A is the pairing energy which is
included to simulate the known odd-even effects in nuclei.
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The underlying idea is that A accounts for the fact that pairs
of nucleons must be broken before each component can be
excited individually. In practice, A plays an important role as
adjustable parameter to reproduce observables, and its defi-
nition can vary depending on the level density model.

Equation (223) also contains the level density parame-
ter a, which in practice can either be extracted, through
Eq. (219), from experimental s-wave resonance spacings, if
available, or if not, from global systematics. In contempo-
rary analytical models, the a-parameter is energy-dependent
to take shell (and, in some cases, pairing) effects into account.
Equation (223) is a special case of the factorization given by
Eq. (221) with the Fermi gas spin distribution of Eq. (231).

Summing pr(Ey, J, IT) over all spins and parities yields
for the total Fermi gas level density

e

tot _ VT
P B = ey AU

(225)

These equations show that p?' and pr are determined by

three parameters, a, o and A. The first two of these have
specific energy dependencies that will now be discussed sep-
arately, while we postpone the discussion of A to the sections
on the various specific level density models.

11.1.2 The level density parameter a

For the level density parameter a we adopt the formula of
Ignatyuk et al. [123], who argued that energy-dependent shell
effects should be effectively included in the level density
through an energy dependent expression for a. This expres-
sion takes into account the presence of shell effects at low
energy [126] and their disappearance at high energy in a phe-
nomenological manner. It reads,

(226)

a=a(Ey)=a (1 +5WM>.

Here, a is the asymptotic level density value one would obtain
in the absence of any shell effects, i.e. a = a(Ex —> o0) in
general, butalsoa = a(E,) forall E, if SW = 0. The damp-
ing parameter y determines how rapidly a(E,) approaches
a at increasing excitation energies. Finally, W is the shell
correction energy. The absolute magnitude of 6 W determines
how different a(E,) is from a at low energies, while the sign
of §W determines whether a(E,) decreases or increases as
a function of E,.
The asymptotic value a is given by the smooth form

a=aA+ BA*, (227)

where A is the mass number, while the following systematic
formula for the damping parameter is used,

V1
y=-71t».

A3

(228)

In Eqgs. (227)-(228), «, B, y1 and y, are free parameters that
have been determined to give the best global level density
description over the full range of nuclides for which experi-
mental Dy data is available [122].

The shell correction energy é W is defined as the difference
between the experimental mass of the nucleus Mexp and its
mass according to the spherical liquid-drop model My pwm,
W = Mexp — MLDM. (229)
The experimental mass is taken from the 2020 AME [111]
and M1 pm from the parameterizations available in Ref. [127]
or [122].

We note that the parameters a, § W and y are all adjustable.
If the level density parameter at the neutron separation energy
a(S,) cannot be extracted from an experimental Dy value,
TALYS considers the above systematics (Eq. 227).

By default, TALYS considers the best nominal level den-
sity pnom adjusted to the discrete level scheme and Dy, when-
ever available. However, for adjustment purposes, flexibil-
ity can be achieved either by varying directly all the related
parameters or through a scaling function, i.e.
P(Ex, J,m) = exp(cy/ Ex — 8) ppom (Ex — 68, J, )  (230)
where ¢ = 0 and § = 0 correspond to unaltered nominal level
densities. The “pairing shift” § simply implies obtaining the
level density from the table or formula at a different energy.
The parameter ¢ plays a role similar to that of the level den-
sity parameter a within the phenomenological models (see
Eq. 223). Adjusting ¢ and § together gives adjustment flexi-

bility at both low and higher energies and allows the user to
adjust level densities for cross section fitting.

11.1.3 The spin cut-off parameter

The spin cut-off parameter o represents the width of the angu-
lar momentum distribution of the level density,

2J +1 (J+3)?
Rr(Ey,J) = 752 exp |:— 752 . (231)
It is given by
0% = 02(Ey) = Ip= 232
— YF x) — Odta ( )
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with a from Eq. (227) and

ZmoR*A

o (233)

0=

where R = 1.2A/3 is the radius, and m the neutron mass,
and the thermodynamic temperature 7,

U
=./=. (234)
a
This gives
5/3
o2(Ey) = 0.01389—+/aU. (235)
a

Analogous to the level density parameter, we have to
account for low excitation energies for which Eq. (235) is
not defined (Ey < A) or less appropriate. This leads to an
alternative method to determine the spin cut-off parameter,
namely from the spins of the low-lying discrete levels, see
Ref. [122]. It can be derived that

Ny
1
2
o) = Ji(i+1DQ2J;+1). (236)
3y Ny, @I+ 1) ;

where J; is the spin of discrete level i. Extracting these spins
from the discrete level file readily gives an estimate of oj. In
TALYS, 0’3 can be used on a nucleus-by-nucleus basis, when
discrete levels are known. For cases where either Egs. (235)
or (236) are not applicable, e.g. because there are no dis-
crete levels or U = E; — A is negative, TALYS adopts the
systematics

o2 = (0.83A0'26>2 (237)
which gives a reasonable estimate for excitation energies of
the order of 1-2 MeV.

The final functional form for o 2(E,) is a combination of
Egs. (235) and (236). Defining E; = %(EL + Ey) as the
energy in the middle of the Ny — Ny region, we assume
aj is constant up to this energy and can then be linearly
interpolated to the expression given by Eq. (235). We choose
the matching point to be the neutron separation energy S,, of
the nucleus under consideration, i.e.

0?(Ex) =07 for 0 < E, < Eg4

E.—Ey
2 X 2 2
= —_— E —_
oy + S, — Eg (UF( x) Ud)
for Eg < E, <8,

= 02(E,) for Ex > S,. (238)
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11.1.4 Constant temperature model

In the CTM, as introduced by Gilbert and Cameron [128],
the excitation energy range is divided into a low energy part
from 0 MeV up to a matching energy Ejs, where the so-
called constant temperature law applies and a high energy
part above E)s, where the Fermi gas model applies. Hence,
the total level density reads

PtOt(Ex) = ;OtTOt(Ex)s if Ex < Epy,

= P (Ex), if Ex = En, (239)
and similarly for the level density
1
p(Ex, J,T) = SRp(Ex, )pp'(Ex),if Ex < Ey,

Note that the spin distribution of Eq. (231) is also used in
the constant temperature region, including the low-energy
behaviour for the spin cut-off parameter as expressed by
Eq. (238).

For the Fermi gas regime, TALY'S uses the effective exci-

tation energy U = E, — A®™ where the energy shift is
given by
12
ACTM =y —. (241)
VA
with

x =0, for odd — odd,
=1, for odd — even,

=2, for even — even. (242)

The constant temperature part of the total level density

reads
Ex - EO
X - 4 ’
P\ 7

while for higher energies the total level density is given by
Eq. (225). Ref. [122] gives the details of the matching prob-
lem between the two parts and the resulting parameters for
the CTM model. When the levels Ny and Ny are chosen
such that pr (Ey) gives the best description of the observed
discrete states, the matching energy Ejs between the con-
stant temperature part and the Fermi gas part as well as the
parameters Ey and T can be found by an iterative procedure.

For nuclides for which no, or not enough, experimental
discrete levels are available, TALYS relies on empirical for-
mula for the temperature. For the effective model,

dN(E) _ 1

tot
E,) =
or (Ex) dE, T e

(243)

9.4

T=-02+4+—""
VAT + ysW)

(244)
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and for the collective model to be discussed in Sect. 11.1.6

10.2
VAT F ysW)’

where y is taken from Eq. (228). Next, we directly obtain E
and Ej solving the matching problem, see Ref. [122]. Again,
Egs. (244) and (245) were obtained by fitting all individ-
ual values of the nuclides for which sufficient discrete level
information exists. In a few cases, the global expression for T
leads to a value for £y which is clearly off scale. In that case,
we resort to empirical expressions for the matching energy.
For the effective model

T =-025+ (245)

Ey =2.33+4253/A+ ACTM, (246)
and for the collective model
Ey =2.67+253/A+ ACTM, (247)

after which T can be obtained.
11.1.5 The Back-shifted Fermi gas Model

In the BFM [129], the pairing energy is treated as an
adjustable parameter and the Fermi gas expression is used all
the way down to zero energy. Hence the total level density
is given by Eq. (225) and the level density by Eq. (223). For
the BFM, these expressions, as well as the energy-dependent
expressions for a and o2, contain the effective excitation
energy U = E, — ABPM where the energy shift is given by

12
ABFM — 5 2 s

(248)
VA
with
x = —1, for odd — odd,
=0, for odd — even,
=1, for even — even, (249)

and § is a free parameter adjusted on experimental data, if
available.

A problem of the original BFM, which may have ham-
pered its use as the default level density option in nuclear
model analyses, is the divergence of Eq. (223) when U goes
to zero. A solution to this problem has been provided by
Grossjean and Feldmeier [130], and has been put into a prac-
tical form by Demetriou and Goriely [131], and is adopted
in TALYS. The expression for the total BEM level density is

1 11!
Siv (Ex) = ——l——] , 250
() [p}?%Ex) o) >0

where pg is given by

exp(1) (ay +ap)?
240 anap

po(1) = exp(4ana,t®), (251)

where a, = a, = a/2 and t is given by Eq. (234).
With the usual spin distribution, the level density reads

E., J,I) = =
PBFEM (Ex ) 792

12J +1 (J + 3)?
exp| ————=—
2 202

X pim (Ex)- (252)

In sum, there are two adjustable parameters for the BFM, a
and §.

11.1.6 Collective effects in the level density

All the previously described models do not explicitly account
for collective effects. However, it is well known that gener-
ally the first excited levels of nuclei result from coherent
excitations of the fermions it contains. The Fermi gas model
is not appropriate to describe such levels. Nevertheless, the
models presented so far can still be applied successfully in
most cases since they incorporate collectivity in the level
density in an effective way through a proper choice of the
energy-dependent level density parameters.

In some calculations, especially if the disappearance of
collective effects with excitation energy plays a role (e.g.
in the case of fission), one would like to model the collec-
tive effects in more detail. It can be shown that the collective
effects may be accounted for explicitly by introducing collec-
tive enhancement factors on top of an intrinsic level density
pF.int(Ex, J, IT). Then, the deformed Fermi gas level density
PF,det (Ex, J, IT) reads

PF,det(Ex, J, 1) = Kot (Ex) Kyip (Ey)

X pF,int(Ex, J, IT). (253)

Kot and K,j, correspond to the rotational and vibra-
tional enhancement factors, respectively. If Ko and Kyip
are explicitly accounted for, pr in(Ey, J, I1) should now
describe purely single-particle excitations, and can be deter-
mined again by using the Fermi gas formula. Obviously, the
level density parameter a of pr it Will be different from that
of the effective level density described before. More pre-
cisely, as illustrated in Fig. 16, the level density parameter
is much lower when collective effects are explicitly treated
than it is without an explicit treatment.

The vibrational enhancement of the level density is
approximated [9], by

Kyin = exp[éS — (8U/1)], (254)
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Fig. 16 Level density parameter required to fit Dg values at S, as func-
tion of the mass for the BFM model with (blue squares) and without (red
squares) an explicit treatment of collective effects. The black and green
lines represent the asymptotic limit (Eq. (227) for the two situations.)

where §S and U are changes in the entropy and excitation
energy, respectively, resulting from the vibrational modes
and ¢ is the nuclear temperature given by Eq. (234). These
changes are described by the Bose gas relationships, i.e

88 = @i+ D[(1 + ) In(1 + 1) = ni I |

SU = Z(zxi + Dayn;, (255)
i

where w; are the energies, A; the multipolarities, and n; the
occupation numbers for vibrational excitations at a given
temperature. The disappearance of collective enhancement
of the level density at high temperatures can be taken into
account by defining the occupation numbers in terms of the
equation

e — 2 .
= xp(—vi/ wz)’ (256)

exp(w;i/t) — 1
where y; are the spreading widths of the vibrational excita-
tions. This spreading of collective excitations in nuclei should
be similar to the zero-sound damping in a Fermi liquid, and
the corresponding width can be written as
yi = C(wf +41%1%). (257)
The value of C = 0.0075 A!/3 was obtained from the system-
atics of the neutron resonance densities of medium-weight
nuclei [132]. TALYS adopts a modified systematics [133],
which includes shell effects to estimate the phonon energies
(in MeV), namely

wr =65A7%/(1 4+ 0.056 W), (258)
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for the quadrupole vibrations and

w3 = 100476 /(1 +0.058W), (259)
for the octupole excitations.

An alternative estimation of the vibrational collective
enhancement factor is given by Iljinov et al. [134]
Kyib(Ex) = exp (0.0555A%t%) . (260)

A more important contribution to the collective enhance-
ment of the level density originates from rotational excita-
tions. Its effect is not only much stronger (Kot ~ 10 — 100
whereas Kyip ~ 3), but the form for the rotational enhance-
ment depends on the nuclear shape as well. This makes it
crucial, among others, for the description of fission cross
sections.

The expression for the rotational enhancement factor
depends on the deformation, see Capote et al. [9, 135]. Basi-
cally, Ko is equal to the perpendicular spin cut-off parameter
oi,

o =11, (261)
with the rigid-body moment of inertia perpendicular to the
symmetry axis given by

1, = I (1 + %) =0.013894%/3 (1 + %) , (262)

where ; is the ground-state quadrupole deformation, which
is consistently taken from TALY S nuclear structure database.
Hence,

U
o2 =0.0138945/3 (1 + %) J=.

For high excitation energies, it is known that the rotational
behavior vanishes. To take this into account, it is customary
to introduce a phenomenological damping function f(E,)
which is equal to 1 in the purely deformed case and 0O in the
spherical case. The expression for the level density is then

(263)

p(Ex, J, 1) = Kiot(Ex) Kvib(Ex) pF.int(Ex, J, IT),  (264)
where
Krot(Ex) = max([o] — 11f(Ex) + 1, 1). (265)
The function f(E,) is taken as a Fermi function,
1
f(EX) = E _Eg..v. ’ (266)
I+ exp(——z)

col
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which yields the desired property of Ky, going to 1 for high
excitation energy. Little is known about the parameters that
govern this damping, although attempts have been made (see
e.g. Ref. [136]). By default, the values of ES))" = 30 MeV,
dfo; = 5 MeV are adopted by TALYS though these param-
eters are adjustable.

Finally, these collective enhancement expressions can be
applied to the various phenomenological level density mod-
els. The CTM formalism can be extended with explicit col-

lective enhancement, i.e. the total level density reads

p'(Ey) = pp(Ey), if Ex < Ey,
= Krot(Ex)KVib(Ex)pEgtint(Ex)v

if E, > Ey, (267)

and similarly for the level density p(E, J, IT). Note that the
collective enhancement is not applied to the constant tem-
perature region, since collectivity is assumed to be already
implicitly included in the discrete levels. The matching
problem is completely analogous to that described before,
although the resulting parameters Ejy;, Eg and T will of
course be different.

The BFM can also be extended with explicit collective
enhancement, i.e.

-1
POU(EL) = Kot (E) Kyin(Ex) |~ —
BFM \ =X 10 X vi X P;g)tim(Ex) ,0()(1) 5

(268)

and similarly for the level density p(Ey, J, IT).

Since phenomenological level densities need to be gener-
ated from analytical expressions for the total level density,
spin distribution, collective enhancement, shell effects, etc.
they come with a large number of models and adjustable
parameters.

11.2 Microscopic level densities

Besides the phenomenological models that are used in
TALYS, there is also an option to employ more micro-
scopic approaches. All these models include detailed struc-
ture ingredients, in particular a mean-field single-particle
level scheme and associated pairing, to estimate the nuclear
level density, contrary to the analytical approaches described
before. Therefore, the shell and pairing effects are intrinsi-
cally and coherently taken into account.

Three options are available. The first one estimates the
level densities on the basis of the microscopic statistical
model [131]. The statistical calculations are performed using
the deformed Hartree-Fock-BCS (HF-BCS) predictions of
the ground-state structure properties. The microscopic model
includes a consistent treatment of the shell effects, pairing

correlations, deformation effects and collective excitations.
However, it does not account for possible deviations from a
Gaussian law for the spin distribution and keeps the assump-
tion of a parity equipartition. It predicts the experimental
neutron resonance spacings with a degree of accuracy com-
parable to that of the phenomenological back-shifted Fermi-
gas-type formulae. The microscopic level densities are renor-
malized to the existing experimental data, namely the s-wave
neutron resonance spacings and the cumulative number of
low-lying levels. Level densities for more than 8000 nuclei
from the proton drip line to the neutron drip line are avail-
able for excitation energies up to 150 MeV and for the 30
first spins.

To go beyond the limitations inherent to the statistical
model, two other models have been included in TALYS;
both are based on the combinatorial approach. The first one is
based on Skyrme-HFB calculations [106] and the second one
on temperature-dependent HFB calculations [137] using the
DIM Gogny force (Gogny-HFB). In both cases, the starting
point is the HFB single-particle level scheme upon which all
possible particle-hole excitations are counted. This intrinsic
non-collective particle-hole state density is then folded with
a vibrational state density to provide total state densities in
the nucleus intrinsic frame. The level density is then finally
obtained going from the intrinsic nucleus frame to the labo-
ratory frame. If we denote by w (U, M, i) the state density
in the intrinsic frame, the level density is given by

oU, I,7)=w(U,M=J,7)—oU,M=1J+1,71),
(269)

for a spherical nucleus while, for an axially symmetric
deformed nucleus it reads

J

P, J,n)=% >

K=—1J,K#0

J.,0
+6(J even) 6(7‘[=+) (U — Ero[ ,0,m)

wU —ELK K. 7)

+8(J 0dd) Sir=—y (U — EJy), 0, 7). (270)
J(J+1)— K?
with E erK = % where [, is the moment of
1

inertia perpendicular to the symmetry axis for a deformed
nucleus. In Eq. (270), the 1/2 factor accounts for the fact
that, for axially symmetric nuclei, states with spin projec-
tions K and —K belong to the same rotational band and the
two remaining terms account for the fact that the rotational
bands generated by 07 states have a level sequence 0, 27,
47, ...while those built ona 0~ band headare 1~,37,57, ....
It is worth recalling that the HFB moment of inertia is usu-
ally in good agreement with experiment and increases with
excitation energy to reach the rigid body value.
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An important aspect of the combinatorial approach stem-
ming from the different treatment of spherical and deformed
nuclei concerns the transitional region where the nuclear
deformation is small and non-zero. For such cases, in order
to avoid a sharp transition between Eq. (269) and Eq. (270),
an empirical procedure based on a simple Fermi function is
applied. Hence, the final combinatorial level density reads

p(U’ J’T[) = [l_f]psph(Ua J,JT)"‘fpdef(U, J,T[) (271)

However, the f function is different in the two models. In
the Skyrme HFB case, it depends on the excitation energy
and plays a role similar to that of Eq. (260), i.e. enables
to account for the vanishing of deformation with excitation
energy. In the temperature-dependent HFB approach, since
the disappearance of deformation is accounted for by the
temperature dependence of the single-particle levels, the f
function only depends on the deformation.

The default, and in our opinion currently the most robust,
option is the Skyrme-HFB model. For both models, level
densities for more than 8500 nuclei are made available in
tabular format, for excitation energies up to 200 MeV and
for spin values up to J = 49. Since these tabulated micro-
scopic combinatorial level densities have not been adjusted
to experimental data, we add adjustment flexibility through
Eq. (230). For microscopic models in particular, Eq. (230)
allows to tune the nuclear level densities to experimental data
from low-lying levels at low-energy and s-wave resonance
spacings at energies in the vicinity of the neutron separation
energy. The ¢ and § parameters of Eq. (230) have been sys-
tematically adjusted on experimental and made available in
TALYS structure database. They guarantee the user to make
use of nuclear level densities in agreement with data.

For the microscopic level density models, tables for level
densities on top of the fission barriers are also available
in the TALYS structure database, as discussed in Sect. 13.
For nuclides outside the tabulated microscopic database, the
default CTM level densities are used.

12 Photon strength functions and transmission
coefficients

PSF are important for the description of any transition involv-
ing gamma rays in nuclear reactions [138,139]. The best
known reaction channels which are governed by the PSF are
the (n, y) and (y, n) reaction channels, but the PSF can be
regarded as an important universal entity in reaction model-
ing since gamma rays in general may accompany emission of
any other particle, and gamma transitions occur for both the
continuum and discrete levels. And as discussed in Sect. 10,
PSF are also used to estimate branching ratios between exper-
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imental discrete levels, when this information is not available
experimentally.

Before we describe the PSF models implemented in
TALYS, we first give the basic relations which establish their
parameters, constraints and use in reaction models.

The transmission of a gamma ray at an energy E, is
described by the PSF fx¢(E,). Here X denotes either elec-
tric (E) or magnetic (M) radiation; and £ is the radiation
multipolarity. In general, dipole (¢ = 1) radiation domi-
nates over radiation of higher multipolarity for a given E,,
ie. fp1(Ey) >> fe2(Ey). Also E transitions are gener-
ally stronger than M transitions for a given multipolarity, i.e.
fE1(Ey) > fmi(E)), though this might not be true at all
energies.

One distinguishes between

e upward PSF f_XZ(Ey), related to the cross section for
gamma absorption such as for (y, n) reactions

e downward PSF fx,(E)), related to the average width
of the gamma decay and thus of particular interest in
radiative capture.

The essential relation between the total photoabsorption
cross section and the upward PSF is

Oyabs)(Ey) = ) oxe(Ey), (272)
Xt

where,

- oxe(Ey)

fxe(Ey) = Kxt =51, (273)

EV

and
1

Kx¢ = (274)

(20 + Dm2h2c?’

Eq. (273) means that the PSF can be extracted from the pho-
toabsorption cross section oy, summed over all spins and
parities. In practice, with other components being negligi-
ble near the peak of the PSF, this means that fg is directly
determined by the (y, n) cross section in the region of the
giant dipole resonance (GDR).

The downward PSF is related to the deexcitation of
the nucleus. Like the particle transmission coefficients that
emerge from the optical model, photon transmission coeffi-
cients enter the Hauser-Feshbach model for the determination
of the competition between photon emission and emission of
other particles. The relation between the photon transmission
coefficient and downward PSF is given by

(_
Txe(Ey) =27 fxe(Ey)E; . (275)
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The average radiation width (I"), ), for which experimental
data are available, is obtained by integrating the gamma-ray
transmission coefficients over the density of final states that
may be reached in the first step of the gamma-ray cascade.
This leads to the essential relation for the downward PSF,

J+e

27 (T,) Sn
b= Y X[,

JILXC I'=|]—¢ TV
TX@(E}/)IO(Sn - E}/’ [/? H/)F(Xv H/s E)’
(276)

where Dy is the average resonance spacing derived from
the level density p. The J, IT sum runs over the compound
nucleus states with spin J and parity IT that can be formed
with s-wave incident particles, and I’, [T denote the spin
and parity of the final states. The multipole selection rules
are F(E, T, ¢) = 1if I1 = [I'(=1)*, F(M, T, £) = 1 if
I = IT'(—1)**!, and 0 otherwise. The integral over dE,
includes a summatiower discrete states.

At the same time, fx¢(E) ), and thus Tx¢(E) ), is directly
linked to the (n, y) cross section just above the resonance
range, before the opening of the inelastic channel. Since the
transmission coefficient for neutrons is much larger than that
of photons, 7,, >> T,, the Hauser-Feshbach formula for this
energy range can be stated in a compact way,

T,T,
~T, . 277)
T, +T,

on,y)=
Both (I'),) and Maxwellian-averaged (n, y) cross sections
(MACS) around 30 keV, have been experimentally deter-
mined for more than 200 nuclides, and are therefore impor-
tant observables to constrain the PSF model and its parame-
ters though both also depend on the nuclear level densities.
Ideally, one and the same set of PSF parameters should pre-
dict both observables with the same accuracy. However, it
was concluded that there may be up to a ~ 20 % difference
between the two predictions on a global scale [139,140].
Most of the PSF studies, be it experimental or theoretical,
make the assumption that the average electromagnetic decay
process (i.e. the photo-deexcitation) can be directly related
to the inverse photoexcitation, i.e. fx; = fx¢ = f_X;g, and
essentially depends only on the energy of the emitted y-ray,
and not on the absolute excitation energy of the initial or
final states, or the specific nuclear properties (such as the
spin and parity) of the nuclear states involved. This assump-
tion is known as the Brink hypothesis [141] that has played a
key role in the description of the photo-deexcitation process,
especially in reaction theory. While the Brink hypothesis is
well established in the GDR energy region, at low energies,
in particular below the neutron threshold, its validity is still
open to debate and is under both theoretical as well as exper-
imental investigation. For example, studies within the Fermi

liquid theory [142] have found that photo-deexcitation PSF is
a function of the excitation energy of the final state, which in
turn depends on the excitation energy of the initial state and
the y-ray energy E) . In contrast, the photo-excitation process
only depends on the y-ray energy. Experimentally, the Brink
hypothesis was investigated and shown to be valid to a good
approximation, for y-ray transitions between states in the
quasicontinuum region below the particle separation energy,
from a variety of experiments [ 143, 144], though photon scat-
tering (y,y") technique have found indications that the Brink
hypothesis is at least partially violated below the neutron sep-
aration energy (seee.g. Refs. [145-147]). In TALYS, depend-
ing on the PSF model adopted, a temperature dependence
may be included, hence the deexcitation PSF may differ from
the photo-excitation one. The PSF can also be fine-tuned by
using directly experimental information, as compiled in the
reference IAEA PSF database [139].

Various phenomenological and microscopic models for
the PSF are implemented in TALYS. We describe them all
below. Figures 17 and 18 illustrate their description of the
E1 and M1 modes, respectively, for the stable “Mo isotope,
together with available experimental data, while Figs. 19, 20
compare their predictions for the exotic neutron-rich N = 82
Mo isotope '>*Mo. The **Mo GDR region is relatively well
reproduced by all models, since all of them have been tuned
in a way or another in this energy region through a local or
global adjustment on photoabsorption data for stable nuclei.
However, in the low-energy GDR tail and to some extent
above the GDR, significant differences can be observed lead-
ing inevitably to different predictions of radiative capture
cross sections. In the case of 12*Mo, major differences are
found even in the GDR region. For the M 1 component, only
a few global models are available. Four of them, as imple-
mented in TALYS, are illustrated in Figs. 18 and 20.

We need to stress that two models are more specifically
recommended. They concern the phenomenological model,
the Simplified Modified Lorentzian (SMLO) model [148,
149], and the microscopic QRPA model based on the DIM
Gogny interaction (hereafter DIM+QRPA). Both models
were developed and validated against experimental data dur-
ing an IAEA coordinated research project on PSFs [139] and
photonuclear cross sections [150]. They are regarded, by us
at least, as the two best options for PSF, from a consistent
physics point of view. Note that both models include the E'1
and M1 PSFs and a phenomenological account of the low-
energy enhancement (the so-called upbend), as discussed in
Sect. 12.3.1. After the description of the various PSF models,
we will outline in Sect. 12.4 how a proper normalization of
PSF’s to experimental data can be achieved.
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Fig. 17 Comparison between the 8 E1 PSFs for Mo, as included in
TALYS. Note that the E 1 non-zero limit at zero energy (see Sect. 12.3.1)
is included in the models prescribing it, see text for more details. The
predictions are compared with existing data, as compiled in the 2019
TAEA PSF database [151], stemming from nuclear resonance fluores-
cence (NRF), Oslo method, photoabsorption data, average resonance
capture (ARC) or (p, p7) scattering data
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Fig. 18 Same as Fig. 17 for the M1 PSFs of “Mo. Note that the M1
upbend (see Sect. 12.3.1) is included in the models prescribing it

12.1 Analytical Lorentzian-type models for PSFs

The phenomenological models are generally parameterized
in terms of Lorentzian forms with giant resonance parame-
ters:

e oyxy: cross section of the giant resonance at the peak

energy,
e Exy: centroid energy of the giant resonance,
e ['x,: width of the giant resonance.

Note that the PSF for deformed nuclei exhibits two peaks and
consequently is described by two Lorentzian functions i.e.

2
fxe(Ey) =) fho(Ey ok, El) . Th)) . (278)

i=1
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Fig. 19 Same as Fig. 17 for the E1 PSFs of ?*Mo
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Fig. 20 Same as Fig. 18 for the M1 PSFs of '>*Mo

12.1.1 Standard Lorentzian model

The first, and oldest, model is the so-called Brink-Axel
option [141,152], for which a standard Lorentzian (SLO)
form describes the GDR shape, i.e.

ox¢EyT'%,
Xt > 5
(Eg —E3)?+ Egrxe

fxe(Ey) =K (279)

The standard Lorentzian option is usually used for all multi-
poles higher than 1 (¢ > 1).

12.1.2 Generalized Lorentzian model

For E'1 radiation, an option which has been used as a default
for many years in TALYS is the Generalized Lorentzian
(GLO) form of Kopecky and Uhl [153,154],

E,TgI(E), T)
(E2 — E3)? 4 E3T1 7 (E))?
0.70 1472 T?
E}

fEI(E), T) = KE1

oe1lEl, (280)
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where the energy-dependent and temperature-dependent
damping width I'(E,,, T') is given by

i E} +47°T?
Ppi(Ey. T) =g ——y—. (281)
El
and T the nuclear temperature given by
E,+S —A—-E
T= |t L, (282)
a(Sy)

where S, is the neutron separation energy, E, the incident
neutron energy, A the pairing correction and a the level den-
sity parameter at S, (see Sect. 11). Note that in the GLO
model, a non-zero limit of the E'1 deexcitation (i.e. T > 0)
PSF at E, — 0 is ensured through the second term of
Eq. (280).

12.1.3 Hybrid model

The hybrid model [155] is a variant of the GLO model which
includes a energy- and temperature-dependent width but also
a low-energy (i.e. below S,) behaviour inspired from the
Fermi liquid theory [142] and reads

fe1(Ey, T) = Kp1op1TE1
E,TE1(Ey, T)
(E2 — E3 )+ E2TpiTpi(Ey, T)
(283)

with the energy- and temperature-dependent width

E)% + 47272

Tei1(Ey, T) =0.7 Tk E, Ep
y

(284)

Note that in the hybrid model (like in the GLO model), a non-
zero limit of the E'1 deexcitation PSF at £, — 0 is found
through the above temperature dependence.

12.1.4 Parameters for the SLO, GLO and hybrid models

For E'l-transitions, GDR parameters for various individual
nuclides have been extracted from photoabsorption data [9,
148]. These are stored in the nuclear structure database
of TALYS. If not available experimentally, the resonance
parameters for any X /¢ transition can be taken from global
systematic formulae [9]. More precisely,

e For E1 transitions for which no nuclide-specific data
exist, we use

orp1 = 1.2 x 120NZ/(AnTEg1) mb,

Ep; = 3124713 +20.6A71% MeV,

Tg1=0.026EL" MeV. (285)
e for E2 transitions,

og2 = 0.00014Z>E> /(AT g2) mb,

Epy =63.A713 MeV,

gy =6.11 —0.012A4 MeV, (286)
e for multipole electric radiation higher than E2

Opg = 8-10_40E(1z-1),

Ege = Eg@—1),

Fee = TEE-1), (287)
e for M1 transitions within the SLO approach

fau1 =1.58107°4% at 7 MeV,

Eyi =41.A713 Mev,

Ty =4 MeV, (288)

where Eq. (279) thus needs to be applied at 7 MeV
to obtain the oy value. Similarly, within the GLO
model [153], the same centroid and width are consid-
ered, but the strength of the M1 channel is estimated
with respect to the E1 channel at 7 MeV through the
expression fi; = fr1/(0.0588 A0878).

e for multipole magnetic radiation higher than M 1, we use

ome = 8.10 *op(—1),
Epme = Epme—y,

Cpe =Tmee—1y- (289)
12.1.5 SMLO model

The SMLO model was developed to provide an improved
estimate of the E1 and M1 PSFs [148,149] for all nuclei
with 8 < Z < 124. It is the default phenomenological PSF
model in TALYS. Details on the E1 PSF formulation and
systematics can be found in Refs. [148,149] and will not be
repeated here. Concerning the M1, the SMLO model adopts
simple SLO expressions for both the low-energy scissors (sc)
mode and the spin-flip (sf) components, i.e.

Fo ) e D
= O¢p
My 3222 (912/ — E})* + 8)2/ IS
2
1 &y st
+ 05/ (290)
32n2c (62 — E2)% 4 €212,

where 0; = f; E; is the peak cross section, E; the energy at
the peak and I'; the width at half maximum for both the spin-

@ Springer



131 Page 58 of 85

Eur. Phys. J. A (2023) 59:131

flip (i = sf) or the scissors mode (i = sc). The following
parameters for both M1 modes, i.e. for

e the spin-flip resonance: oyr = 0.03A%/% mb, Eyr =
18471/ MeV and I'yy = 4 MeV;

e the scissors mode: o5, = 10_2|ﬁ32|A9/10 mb, E;c =5 X
A~/10 MeV and I’y = 1.5 MeV;

where the spin-flip and the scissors mode components
are tuned on experimental (average resonance capture and
nuclear resonance fluorescence) data and inspired both from
axially deformed QRPA and shell-model calculations [149].

Such expressions present the advantage of being easily
tuned on experimental data, but also adjustable to reproduce
measured cross sections. The prescription applied to the pho-
toabsorption strength has been extended to the determination
of the deexcitation PSF by adding a temperature dependence
to the £1 GDR width and an M 1 upbend at the lowest ener-
gies (see Sect. 12.3.1). Both E1 and M1 SMLO PSFs have
been adjusted on a large number of experimental data, as
described in Ref. [139].

12.2 Microscopic models for PSFs

Various microscopic options for the E1 PSF have been
included in TALYS. They are all based on the relativistic or
non-relativistic mean-field plus QRPA approach. Only one of
these models, the so-called D1IM+QRPA model [140], also
provides the M 1 PSF. The models provide the PSF as a func-
tion of the photon energy E, and possibly as a function of
the temperature, or equivalently the excitation energy, of the
final state. In all cases, the PSFs are stored as tables in TALYS
structure database and, as discussed in Sect. 12.4, all these
tabulated values can be adjusted for fitting purposes.

12.2.1 Skyrme-Hartree-Fock plus QRPA model

One of the models corresponds to the spherical Hartree-Fock-
BCS plus QRPA model of Ref. [156] based on the SLy4 inter-
action where a folding procedure is applied to the QRPA
strength distribution to take the damping of the collective
motion into account. Deformation effects are included phe-
nomenologically. This model was shown to lead to E1 PSF
in fair agreement with the experimental data, such as pho-
toreaction data and PSFs extracted from resolved-resonance
and thermal-capture measurements at low energies (typically
between 4 and 8 MeV).

The above-mentioned model was improved in Ref. [157]
where a spherical Hartree-Fock-Bogoliubov (HFB) model
plus QRPA calculation was performed on the basis of the
BSk7 interaction. In addition, a temperature-dependent cor-
rection factor was introduced in the folding procedure to
take the collision of quasiparticles into account. Energy-
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and temperature-dependent tables are provided in this case.
No large-scale M1 PSFs has been derived yet within these
approaches.

12.2.2 Relativistic Mean Field plus QRPA model

E1 PSF tables from the large-scale temperature-dependent
RMF plus QRPA calculation of Ref. [158] are included in
TALYS structure database. Calculations are based on the
point coupling PCF1 force. While the coupling to the single-
particle continuum is taken into account in an explicit and
self-consistent way, additional corrections like the coupling
to complex configurations and the temperature and defor-
mation effects are included in a phenomenological way to
account for a complete description of the nuclear dynamical
problem.

12.2.3 Gogny-Hartree-Fock-Bogoliubov plus QRPA model

Large-scale calculations of the E1 and M1 absorption PSF
were also obtained in the framework of the axially symmetric
deformed HFB plus QRPA model based on the finite-range
DI1M Gogny force [140] and are included in TALY'S. This so-
called DIM+QRPA photoabsorption strength has been com-
plemented with a phenomenological low-energy contribution
inspired from shell-model results and existing experimental
data to describe the deexcitation PSF (see Sect. 12.3.1 for the
expression of the corresponding M 1 upbend). The resulting
D1M+QRPA+0lim PSF has been extensively compared and
tested against experimental data directly or indirectly related
to PSF [139].

12.3 Additional dipole contribution
12.3.1 The low-energy enhancement

When considering the deexcitation strength function, devi-
ations from the photoabsorption strength can be expected,
especially for y-ray energies approaching the zero limit.
When a temperature dependence is included in the E'1 PSF
(e.g. in the GLO, SMLO, Hybrid or T-dependent mean-field
plus QRPA models), such a low-energy feature is included.
However, other models may need to be complemented by
a non-zero limit. In the specific case of the DIM+QRPA
approach, an additional E1 low-energy contribution to the
deexcitation PSF has been proposed, so that the PSF reads

< ORPA (Ey—¢0)

JEW(Ey) = fg1 " " (Ey) + foU/[1 +e 7] (291)
RPA

where f EQl is the DIM+QRPA E'1 strength at the photon

energy E,,, U is the excitation energy of the initial de-exciting
state and fo = 10710 MeV ™, g9 = 3 MeV [139, 140].
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The SMLO or DIM+QRPA M1 PSF is also comple-

mented by an additional low-energy enhancement. In par-
ticular, shell-model calculations [159-161] predict an expo-
nential increase of the M1 deexcitation strength function at
decreasing energies approaching zero. This so-called upbend
of the strength function, also observed experimentally [162,
163], has therefore been assumed to be of M 1 nature, though
no experimental evidence exists for the moment. Therefore,
when dealing with the deexcitation M1 strength function, a
low-energy enhancement, inferred from shell-model calcula-
tions [160,161,164], the analysis of experimental multi-step
cascade spectra [165] and Oslo measurements [162,163],
should be added to the photoabsorption expression, leading
to
<« —
Jmi(Ey) = fui1(Ey) + Cexp(—nEy), (292)
where 7 = 0.8 MeV~! and for the SMLO model C = 3.5 x
1078 exp(—6/,) MeV 3 while for the DIM+QRPA model
C =1 x 1078 MeV~3 for all nuclei with A > 105 and
C = 3 x 1078 exp(—482) MeV 3 for lighter nuclei (see
Ref. [139] for more details).

The low-energy M1 upbend can give a significant con-
tribution to the (n, y) cross section. Generally the M1 con-
tribution is much lower than E'1 near the peak of the GDR,
but at the lowest gamma energies may become comparable
to that of E'1. The impact on low-energy neutron capture is
then given by Eq. (276) and similarly by the Hauser-Feshbach
formula.

12.3.2 Pygmy resonances

In addition to the E'1 contribution described above, a pygmy
resonance of a given multipolarity X¢ can be included by
adding to the adopted PSF an additional component of the
SLO form (Eq. 279). Despite such an option, by default, no
pygmy resonance is included in cross section calculation and
TALYS does not provide any global systematics for such a
contribution. More information on the pygmy resonance can
be found in Ref. [166,167].

12.4 Adjustment of the PSF

Regardless of the PSF model adopted, it is quite likely that
an optimal fit to e.g. o(n, y), MACS or (I')) can only
be obtained with some adjustment of the PSF. The sim-
ple Lorentzian models like SLO or GLO have ready-to-use
parameters for that, but this is not the case for tabulated PSFs
coming from SMLO or QRPA calculations. It is however
straightforward to bring all PSF models to the same practical
level. If we denote the original, analytical or tabulated, PSF
as fx¢(Ey) then we can add adjustment flexibility through

T T T T
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1 1 1
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Fig. 21 Illustration of the possible adjustments of the £1 DIM+QRPA
PSF offered by TALYS in the case of °Mo. The original D1M+QRPA
PSF is given by the black solid line; a modification of the PSF through
the £ (by a factor 0.9), w (by a factor 0.9), and E®Pe (by
1 MeV)(see Eq. 293) are shown by the blue, red and green solid lines,
respectively. Experimental data are taken from the 2019 IAEA PSF
database [151]. See text for more details

scaling parameters to obtain the final PSF as follows,

f)??al(Ey) — ftablefxg (EB{Z + wtab]e(Ey _ ngg) + Etab]e)
(293)

where by default f@ble — 1 Euble — o gpble — 7 je
unaltered values from the original table or analytical function,
and E¢, is the centroid energy at the middle of the PSF which
can be numerically determined. Here, f table goales the entire
PSF up or down, EP'¢ allows to shift in energy the entire PSF
and w''® can be used to increase or reduce the width of the
giant resonance. The most effective adjustment parameter for
(n, y) cross sections is w'@'® It leaves the PSF practically
untouched near its peak while it has a significant effect below
S, In addition, since the majority of adjusted values of wP!e
needed to fit (n, y) lies within 15% of 1, the resulting PSF
is usually not in disagreement with measurements for PSF’s
near Sj.

Figure 21 shows the w'"!® values for PSF’s adjusted to the
experimental (n, y) cross section around 30 keV using the
DIM+QRPA+0lim PSF and the HFB+combinatorial level
density model. Note that the adjustment flexibility of the (less
physical) phenomenological models is somewhat higher,
since in addition one may adjust the parameters for a possi-
ble second peak as well. Microscopic PSFs certainly predict
such double peaks, but we have to accept the relative position
of the two peaks as they come from the calculated tables.

TALYS also allows an automatic adjustment of the PSF
to the experimental [9] or systematic [168] value of the
average radiative width (I',) as given by Eq. (276). The
(I'y) values are, when available, read from TALYS nuclear
structure database. This effect is similar to the adjustment
of the above-mentioned f table parameter. However, such an
approach should be followed with care since the low-energy
(n, y) cross section is essentially sensitive to the low-energy
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tail of the PSF below S,,. A too large adjustment of f@Ple may 107 : : : :
destroy the agreement of the PSF fitted to (y,n)-based data 0In1o S (a)
near the GDR peak. Artificially increasing or decreasing the 10°° -

PSF amplitude may affect the (n, y) at higher energies. o
An example is provided for ''Mo in Fig. 22 where the % 107
GLO strength gives (I'))gLo = 0.015 €V, i.e. a factor of 6 E. )
lower than the experimental value (I") )exp = 0.09£0.01 eV w107 —GLO
[9]. As seen in Fig. 22b, such a low dipole strength leads to a J— GLO renormaliz§d
neutron capture cross section a factor of about 4—5 lower than 107 L ‘ — DI M+(?RPA+0}1m
experimental data. Multiplying artificially the overall E'l 0 5 10 15 20 25
strength by a factor f@ble — (C'y)exp/('y)GLO = 6 provides, , E y [MeV]
however, a cross section in good agreement at low energies 10 y y y
with experimental data. Such a renormalization has become Mo(n,y)'""Mo  (b)
a default procedure in most of the reaction codes. In contrast, 10°]
the DIM+QRPA+0lim PSF gives an average radiative width =
of 0.082 eV in agreement with experiments and therefore £ 10
does not need to be renormalized. It is seen in Fig. 22a to be o)
relatively close to the renormalized GLO strength at low ener- 1001
gies, hence giving rise to relatively similar cross section for
keV neutrons. However, at neutron energies above 1 MeV, 4
significant deviations between the cross sections obtained 100.001 0.01 0.1 1 10

with the renormalized GLO and D1M+QRPA+0lim strengths
can be observed since both strengths differ now in the energy
region of relevance, i.e. in the GDR region. The long-standing
problem between the compatibility of the predicted radia-
tive width and experimental capture and photoabsorption
data is largely solved with the present D1M+QRPA+0lim
model where both the average radiative width and neutron
capture cross sections are consistently estimated and glob-
ally in agreement with experimental data, including photoab-
sorption and photo-deexcitation data [139,140]. Such a con-
clusion holds regardless of the nuclear level density model
adopted.

12.4.1 Photoabsorption cross section

TALYS requires an estimate of the photoabsorption cross sec-
tions to estimate photonuclear reactions and pre-equilibrium
gamma-ray emission. Obviously, for low energies this can
be directly related to the above-discussed PSF. However, at
higher energies, typically above 20 MeV, the dipole strength
may be dominated by the non-resonant process in the pre-
equilibrium mode, the so-called quasi-deuteron component
[169]. A general expression for the photoabsorption cross
section reads

oabs(Ey) = ogpr(Ey) +0gp(Ey). (294)

where the quasi-deuteron component o p is given by
NZ
ogp(Ey) = LTO'd(Ey)f(Ey)- (295)
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En [MeV]

Fig. 22 a E1 + M1 PSF of '©'Mo calculated with the GLO model
[9,153] (solid blue line), with the GLO after renormalizing the E'1 PSF
by a factor of fe = 6 (dotted line) and with D1IM+QRPA+0lim
(solid red line). b '%Mo(n, y)lmMo cross sections calculated with
the GLO (solid blue line), renormalized GLO (dotted line) and
DIM+QRPA+0lim (red solid line) dipole PSFs. Also shown are the
experimental data extracted from EXFOR database [80]

Here, 04(E, ) is the experimental deuteron photo-disintegration
cross section, parameterized as

(E, —2.224)3/2

: (296)
Ej

04(Ey) = 61.2

for E, > 2.224 MeV and zero otherwise. The so-called
Levinger parameter is L = 6.5 and the Pauli-blocking func-
tion is approximated by the polynomial expression

f(Ey) =8.3714.1072 — 9.8343.10°E,,
+4.1222.107*E; — 3.4762.10"°E;

+9.3537.10°E; (297)
for 20 < E, < 140 MeV,
f(E,) =exp(—=73.3/E,) (298)
for £, < 20 MeV, and
f(E,) = exp(—24.2348/E,)) (299)

for £, > 140 MeV.
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For the Hauser-Feshbach calculations in TALYS, the
associated photon transmission coefficients are normalized
as follows,

Oabs (Ey)

TINE,) = Tx(E)) :
Xt Y v O'abs(Ey) - GQD(Ey)

(300)

12.5 Isospin forbidden transitions

The Hauser—Feshbach formalism implicitly assumes com-
plete isospin mixing which is valid except in the region
of self-conjugate (Zcy = Ncy) compound nuclei where
isospin effects affect the dipole emission [170,171]. In par-
ticular, the isospin selection rule for dipole transitions is
T = 0, 1 with transitions 0 — 0 being forbidden. Isospin
forbidden transition has two major impacts on statistical cross
section calculations, namely the reduction of the transmission
coefficient for reactions involving self-conjugate nuclei and
the suppression of the neutron emission in proton-induced
reactions. For example, the o capture on N = Z (T = 0)
targets populates states with isospin 7 = 0 in the com-
pound system which, through the strong suppression of the
y transitions in the compound nucleus, leads to a signifi-
cant reduction of the radiative «-capture cross section. In
TALYS cross section calculations, such a suppression is
treated phenomenologically, as in Ref. [172], by dividing
the total photon strength function (and thus the transmission
coefficient) by a factor of 5 for («, y) reactions leading to
self-conjugate residual nuclei, by a factor of 2 for radiative
proton and neutron capture reactions proceeding into self-
conjugate nuclei, and by a factor of 1.5 for all reactions pro-
ceeding into nuclei one unit away from self-conjugate nuclei,
i.e. Zcy = Ncy £ 1. Similarly, isospin mixing effects also
affect the reverse reactions, including in particular photore-
actions. These isospin forbidden transitions corrections are
accounted for both in the single and multiple particle emis-
sion channels.

13 Fission

The probability that a nucleus fissions can be estimated by
TALY S on both phenomenological and microscopic grounds.
In both cases, the modeling is based on the combination of
Bohr’s transition state hypothesis with the concept of fission
barrier penetrability. Even if the most advanced models of
fission describe the path to fission with a multidimensional
landscape whose degrees of freedom correspond to several
nuclear deformations (among which elongation and asymme-
try are believed to be the dominant ones), in actual reaction
codes, this path is reduced to a one dimensional potential
energy surface (PES) which displays at least one barrier and

[MeV]

E-E
GS

2.5

Fig. 23 HFB-14 PES [173] for Cm isotopes close to the valley of
stability (top) and for neutron rich Cm isotopes (bottom)

often more (see Fig. 23). In TALYS a maximum of three
barriers can be considered.

The competition between fission, particle emission and
photo-deexcitation is treated within the Hauser-Feshbach
model, and thus requires the computation of fission trans-
mission coefficients.

13.1 Fission transmission coefficients

The calculation of fission transmission coefficients requires
several nuclear quantities depending on each barrier consid-
ered in the modeling. In order to define them, we start with
a single humped barrier.

13.1.1 Single humped barrier

The phenomenological model implemented in TALYS is
based on the Hill-Wheeler expression which gives the prob-
ability of tunneling through a barrier of height By and width
hw ¢ for a compound nucleus with excitation energy E. The
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transmission coefficient reads

1

1 +exp [—271 _(E;i;ff)] )

Tr(Ey) = (301)

Similarly, for a transition state of excitation energy &; above
the top of this barrier, one has

1

Tr(Ex, &) = (302)

e e v

ho

which means that the barrier is simply shifted up by ¢;.

For a compound nucleus with excitation energy E, spin
J, and parity IT, the total fission transmission coefficient is
given by the sum of the individual transmissions coefficients
for each barrier through which the nucleus may tunnel, and
thus reads in terms of the previously introduced T'r(Ey, &;)

Tf!»“(Ex) = ZTf(Ex, &) f(i, J, )

Ex
+ [ p(e, J, T (Ey, £)de. (303)
E

th

The summation runs over all discrete transition states on top
of the barrier and E;, marks the beginning of the continuum.
In this equation, f(i, J, IT) = 1 if the spin and parity of the
transition state equal that of the compound nucleus and 0
otherwise. Moreover, p (g, J, IT) is the density of the transi-
tion states with spin J and parity I1 for an excitation energy
¢ relative to the top of the fission barrier. The main differ-
ence with the usually employed expressions is that the upper
limit in the integration is finite. This choice enables to define
the number of fission channels by replacing T¢(E,, &;) by 1
in Eq. (303) and to treat fission transmission coefficients as
a particle continuum transmission coefficient for the width
fluctuation calculations [69] (see also Sect. 5.2).

A microscopic alternative based on the WKB approxima-
tion [174] is also available to replace the phenomenological
Hill-Wheeler expression. In this case, the aforementioned
transmission coefficient T can be written as

1

Tr(E) = 17 exp(2K)

(304)

in terms of the momentum integrals for the hump, i.e.

b
K=+ / 2u(E, — V(B)/H2]2dp (305)

where V is the potential energy for the hump under con-
sideration, and a and b the deformations corresponding to
the intercepting points of the PES at the energy E,. The +
sign is taken when the excitation energy is lower than the
hump and the — sign when it is higher. In the latter case,
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the intercepts (a and b) are complex conjugate (b = a™*) and
the WKB approximation is valid when their imaginary parts
are small, i.e. for energies slightly higher than the hump.
The inertial mass p is approximated by the semi-empirical
expression ;1 = 0.054 A3/3 MeV~! and assumed to be inde-
pendent of the deformation parameter §. In the case of a sin-
gle parabolic barrier, V() = By — 1 /2,ua)2f,32, the trans-
mission coefficient is reduced to the Hill-Wheeler expres-
sion (Eq. 301). TALYS includes about 3000 one-dimensional
HFB fission paths based on the HFB-14 PES [173], as illus-
trated in Fig. 23, for which the WKB method to estimate the
fission transmission coefficients can be consistently applied.
More details on the method and its implementation can be
found in Refs. [175-177].

13.1.2 Multiple-humped barriers

As mentioned above, the fission PES often displays more
than one barrier. For double humped barriers, the generally
employed expression is based on an effective transmission
coefficient 7,7y defined by

_ATB (306)

where T4 and T are the transmission coefficients for barrier
A and B respectively, calculated with Eq. (303). This expres-
sion is very similar to the Hauser-Feshbach formula meaning
that the fission penetrability through a double humped barrier
is given by the probability to tunnel through the first barrier
multiplied by the probability to tunnel through the second
one given the fact that it is possible to tunnel back through
the first one.

If a triple humped barrier needs to be considered, the
expression for 7, s is a generalization of Eq. (306) [55] which
reads

(307)

where T4 p is given by Eq. (306) and 7¢ by Eq. (303). Con-
sequently, the expression used in TALY'S reads

TaTsTc
TaTg + TaTc + TpTc'

Toff = (308)

For any number of barriers, the effective number of fission
channels is calculated as in the case for one barrier [69].

13.2 Fission barrier parameters
As mentioned above, when fission barriers are described

using an inverted parabola, the determination of the fis-
sion transmission coefficients depends on the number of fis-
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sion barriers whose heights and widths have to be specified.
Another important piece of information concerns the broken
symmetries for each individual barrier. For instance, when
the fission yield distribution is asymmetric, this means that
the left-right symmetry is broken at least on top of the outer
barrier. As discussed in Sect. 13.3, this information plays a
role in the definition of the nuclear level densities on top of
each individual barrier.

In TALYS several options are included for the fission bar-
rier parameters, namely:

e Experimental parameters [9] corresponding to a set of
actinide fission barrier heights and widths, for both the
inner and outer barriers, extracted from a fit to experimen-
tal neutron-induced fission cross sections. Moreover, this
compilation contains information on head band transition
states, class-II states as well as the nature of the broken
symmetries on top of each barrier.

e ETFSI parameters [178]: set of double-humped fission
barrier heights for numerous isotopes derived from the
so-called Extended Thomas-Fermi plus Strutinsky Inte-
gral calculations.

e Rotating-Finite-Range Model (RFRM) [179]: single-
humped fission barrier heights are determined within a
rotating liquid drop model, extended with finite-range
effects in the nuclear surface energy and finite surface-
diffuseness effects in the Coulomb energy.

e Rotating-Liquid-Drop Model (RLDM) [180].

In the current version of TALYS, the dependence on angu-
lar momentum of the fission barriers is discarded. If bar-
riers obtained within the liquid drop model (LDM) are
employed in the calculation, they are corrected for the dif-
ference between the ground state and fission barrier shell
correction energy:

BEPM(T) = BFPM(0) — (6Werouna — Wharrier) * g(T).
(309)

In this expression, the function g(7') accounts for the grad-
ual disappearance of the shell effects with increasing tem-
perature [181]. One has g(T) = 1 for T < 1.65 MeV and
g(T) =5.809 exp(—1.066 T) otherwise.

Shell corrections on top of the fission barrier are generally
unknown. They obviously play an important role for the level
density as well. Default values are adopted: for subactinides
SWhparrier = 0 MeV while for actinides § Wpyprier = 2.5
MeV for the inner barrier and § Wy, = 0.6 MeV for the
outer one [9]. Concerning the broken symmetries on top of
fission barriers, default choices are also adopted depending
on the neutron number. Inner barriers for nuclei with a num-
ber of neutron N < 144 are assumed to be axial otherwise

to be triaxial. Outer barriers are generally considered as left-
right asymmetric.

13.3 Fission barrier level densities

The level density formulae given in Sect. 11 for the ground
state of the nucleus can all be applied to the fission barriers.
In general, only the ingredients entering the level density def-
inition change as compared to the ground-state case. These
changes stem from the fact that the level densities for fission
concern the transition states on top of each barrier and thus
correspond to a nuclear deformation different from that of
the ground state. Hence, shell and pairing effects, as well as
collective enhancement are different for each barrier.

In TALYS, two methods for fission level densities are pro-
grammed. The first one explicitly describes each barrier level
density with all its components, while the second one just
account for a relative rotational enhancement for the fission
barrier level density with respect to the ground state level
density.

13.3.1 Explicit treatment of collective effects

Since the fission barriers are deformed, a rotational enhance-
ment factor is used to increase the level density chosen for
each barrier. As already mentioned before, the expression for
this enhancement factor depends on the symmetries consid-
ered as broken on top of each barrier.

For axially symmetric barriers, Eq. (265) holds, replacing
however the ground state deformation entering its definition
by the barrier deformation. This concerns, by default, inner
barriers with neutron number N < 144. If the axial symmetry
is broken, the rotational enhancement reads

Krot(Ex) = ngtym (Ex» ﬂ2)

= max([g(B)otoy — 1If(Ex) +1,1), (310)

with ¢(82) = \@ (1—22) and f(E,) is given by Eq. (266).
This occurs by default for inner barriers with N > 144.

For barriers generally considered as mass asymmetric, we
apply an extra factor of 2 to K.

For all fission barriers, the default parameters for the
damping function f of Eq. (266) are U%*" = 45 MeV,
C?‘” = 5 MeV. The shell correction is also different: For
the inner barrier, §W = 1.5 MeV for an axially symmetric
barrier, and 2.5 MeV otherwise. For the other barriers, we
take 0.6 MeV in general. As usual, all these default choices
can be modified using appropriate keywords in the input file.

13.3.2 Effective treatment of collective effects

Despite being of a more “effective” nature than the approach
described above, this second method has been successful in
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the description of fission cross sections, see e.g. Ref. [182].
An essential aspect is that the damping of collective effects
are taken into account in a phenomenological way through
the level density parameter a. The asymptotic level density
parameter a (Eq. 227) is damped from its effective limit ~
A/8 to its intrinsic limit ~ A /13 as follows

Gelt — %f(Ex) +a(l — f(Ey), (311
where
1
F(Ey) = . (312)
1 +exp —(Exc;gff"l )

col

with the same values as mentioned below Eq. (266). Next, the
resulting a(E,) is used in all equations. The term “effective
limit” for the level density parameter stems from the fact that
if collective enhancements are not explicitly treated, they
are included in an effective way in the value of the level
density parameter which is then of the order of A/8 while it
is behaves rather like A /13 otherwise. This second approach
also implies that the collective enhancement to be considered
is not the one defined in Sect. 11. One has to distinguish two
situations:

1. When analytical expression are used, the collective
enhancement is defined with respect to that of the ground
state. In other words, it implies that for an axially sym-
metric barrier, the collective enhancement is a constant
value in principle close to the ratio between the ground
state moment of inertia of Eq. (262) and the moment of
inertia given by the same definition but with the fission
barrier quadrupole deformation. Since this ratio is gener-
ally close to one, no enhancement is considered by default
for axially symmetric barrier.

For triaxial barriers, an extra rotational enhancement
needs to be taken into account. Instead of Eq. (265),
this is taken as

eff

U\ A
Kot (Ex) = (a—> (I — f(Ex) + f(Ex), (313)

where aeff = 8ags/13 and

1

E,) = )
f(Ex) 1+ exp(—3(E; — 18)

(314)

Again, this enhancement is the result of the ratio between
the rotational enhancement for an axially asymmetric
nucleus and that of axially symmetric one. There is no
vibrational enhancement in this model since it is assumed
to be accounted for with the level density parameter ags
of the nucleus with the ground state deformation.
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Concerning the shell correction, one has for all barriers
W = % | 8Wgrouna |- Finally, the spin cut-off parameter
(Eq. 238) is multiplied by (1 n %) as done in Eq. (262)
for the perpendicular spin cut-off parameter.

2. When the level densities at the fission saddle points are
taken from microscopic HFB calculations (see Sect. 11.2),
the underlying idea is the same. Since the combinato-
rial method is only applied within the axially symmet-
ric approximation, to account for extra broken symme-
tries, arotational enhancement is included by multiplying
the tabulated values by the ratio between the rotational
enhancement for the considered broken symmetry (see
above) and the one accounted for while computing the
tables.

13.4 Class II/I1I states

Class II (resp. III) states may be introduced when double
(resp. triple) humped barriers are considered. In the particular
situation where the excitation energy E¢y of the compound
nucleus is lower than the barrier heights, fission transmis-
sion coefficients display resonant structures which are due
to the presence of nuclear excited levels in the second (class
II), or in the third (class III) well of the PES. When such
resonant structures occur, the expression for the effective fis-
sion transmission coefficient has to be modified (generally
enhanced).

The way this resonant effect is determined depends on the
number of barriers that are considered.

13.4.1 Double humped fission barrier

For two barriers, the effective fission transmission coefficient
T fy can be re-written as

TaTpg

Toff = ————— X Fup(E , 315
eff TA+TBX AB(EcN) (315)

where Fap(Ecy) is a factor whose value depends on the
energy difference between the excitation energy of the
nucleus and that of the class II state located in the well
between barrier A and B. It has been shown [183] that the
maximum value of F4p(E) reaches TAiTB and gradually
decreases over an energy interval defined as the width I';; of
the class II state with excitation energy E;;. Thisis accounted
for by the empirical quadratic expression

E—En\*
Fap(E) = )

Ta+Tp + ( 0.5T;;

(- 7em)
Xx|1———,
Ta+Tg

(316)
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if Efj — 05T < E < Ejr+0.5T 7 and Fyp = 1 other-
wise.

Theoretically, this expression is valid for the tunneling
through a single double humped barrier whereas in realistic
situations, both T4 and T are obtained from a summation
over several transition states. One may thus have large Ty
and Tp values so that Eq. (316) may give Fap(E) < 1.
Such a situation can only occur for high enough excitation
energies for which the individual Hill-Wheeler contributions
in Eq. (303) are large enough. However, in TALYS, we only
consider class Il states with excitation energies lower than the
height of the first barrier. Consequently, the resonant effect
can only occur if the compound nucleus energy Ecy is (i)
lower than the top of the first barrier and (ii) close to a reso-
nant class I state (E;; — 0.5T;; < Ecy < E;7 +0.5T)).
With such requirements, the individual Hill-Wheeler terms
are clearly small, and 74 + 7Tp < 1.

13.4.2 Triple humped fission barrier

If three barriers A, B and C are considered, the situation is
more complicated. In this case, three situations can occur
depending on the positions of the class II and class III states.
Indeed the enhancement can be due either to a class II state
or to a class III state, but on top of that, a double resonant
effect can also occur if both class IT and class III states have
an excitation energy close to the compound nucleus energy.
In all cases, the enhancement is first calculated for the first
and second barriers giving the transmission coefficient
T} = Tap x Fas. (317)
with F4p given by Eq. (316) as in the previous double
humped case.

Next, the eventual coupling with a class III state with

energy Ejj; of width I'j;; is accounted for by generaliz-
ing Eq. (315) i.e.

AB

T/}jzgc _ TeprTc

¢ T4 +Tc
eff

x Fapc(E), (318)

where Fpc(E) is given by generalizing Eq. (316) writing

F (E) = + < 111)
ABC AB

X _——_——
AB ’
Teff + Tc

if Eyjp — 050y < E < Epjp+05Ty; and Fape =1
otherwise. Class III states can introduce an anti-resonance
effect [55].

(319)

14 Fission yields and neutron and gamma observables

TALYS contains various models to describe the decay of
highly excited fission fragments directly after scission into
fission products, while book-keeping the associated neutron
and gamma observables such as the average neutron multi-
plicity, prompt fission neutron spectrum, etc. The first imple-
mented models in TALYS attempted to describe the complete
description of all fission yield and neutron observables, at
the expense of approximations in the calculation of neutron
and gamma evaporation from the excited fission fragments.
Examples of the use of TALY'S for such fission product yield
estimates were published for the Brosa model [184]. More
recently, the advance in computer power has enabled more
physical and exact methods. One can feed TALYS with a
distribution of excited fission fragments coming from a spe-
cific projectile plus target fission event, and perform Hauser—
Feshbach decay on each of these fission fragments, after
which all fission product yields and neutron and gamma
observables become available.

14.1 Fission fragment distribution models

As a starting point for the Hauser—Feshbach calculations,
the fission fragment distributions are provided by different
microscopic or phenomenological nuclear structure mod-
els. Each fission fragment pair is described by a yield
Yi(Z, A, E,, J, IT) which implicitly contains an excitation
energy, spin and parity distribution. This excitation energy
distribution is directly connected to the total excitation energy
TXE, which is shared between the light (1) and heavy (h) frag-
ments. This specific sharing may differ per fission fragment
model. TXE is related to the total kinetic energy TKE and
can be written for a neutron-induced fission reaction leading
to two fragments only as follows,

TXE(A;, Zi5 Ans Zn) = Q (A1, Zys Ap, Zn)
—TKE(A;, Z;; Ap, Z))
= [Mu(Acn. Zen) — Ma(Ar, Z1) — My (An, Zn)l ¢
+Eine + Sy — TKE(Ay, Z;; Ay, Zy), (320)

where QO is the Q value of the fission reaction, M), the
nuclear mass, and Ej,. the incident neutron energy. Cur-
rently, the TALYS database contains fission fragment dis-
tribution for three models, GEF, HF°D, and SPY for many
nuclides, as detailed below. The Y (Z, A, E,, J, IT) yields
are given in a table format on a sufficiently dense excitation
energy grid, after which TALY S loops over all excited fission
fragments.
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14.1.1 GEF model

The GEEF fission model [185] is based on the statistical popu-
lation of states in the fission valley at the moment of dynam-
ical freeze-out, which is specific to each collective degree
of freedom. A macroscopic approach is utilized by deriv-
ing global fit parameters to a large set of experimental data
such as fission mass and charge yields, prompt fission neu-
trons, and gamma rays. Most parameters are fixed from inde-
pendent sources, only about 20 parameters have specifically
been adjusted. The good reproduction of measured data by
the code makes it useful for applications in nuclear technol-
ogy and complement the use of purely empirical models. The
code estimates fission barrier heights from the topographic
theorem [185] and derives fission fragment yields by utiliz-
ing the Brosa model with Gaussian fitting. It further employs
statistical mechanics and the law of entropy to share the exci-
tation energy between the fragments. The TXE partitioning
is determined according to a probability distribution that is
given by the product of the level densities of the individual
fragments.

For TALYS, Nordstrom et al. [186] used GEF as a fission
event generator and performed 1,000,000 random samplings
per fissioning system. With this, the average TKE and TXE
of the fission fragment pairs, as well as the mean E; , and
standard deviations W; j of the TXE distribution for both the
light and heavy fragments were obtained for 738 isotopes in
the 76 < Z < 107 range.

14.1.2 HF?D model

The Hauser—Feshbach fission fragment decay model (HF>D)
[187] is based on a full deterministic model to calcu-
late fission observables. The primary fission fragment yield
Y (A) and TKE are determined by fitting experimental data
with simple analytical functions. In order to generate the
charge distribution Y (A, Z), the so-called Zp model [188] is
employed, and the excitation energy division is made by the
anithothermal model to reproduce the average neutron mul-
tiplicity V(A). For the TALYS fission fragment distribution
parameters, three data sets are provided for the compound
nuclides, 235U, 238U, and 239Pu, for which some experimen-
tal data exist. A few important details of the HF>D model are
explained below.

The fission fragment mass distribution Y (A) is made of
the sum of multiple (5 or 7) Gaussian functions.

5 2

Y; (A—Ap+ A))
Y(A) = E exp§ —
i N 2mo; { 202

1

}, (321)

where o; and A; are the Gaussian parameters, A,, (=
Acn/2) is the symmetry point of the mass distribution, and
Y; is the yield component. The Y;’s are divided into the prin-

@ Springer

cipal (Y7 5), the inner (Y2 4), and the central (¥3) peak curves.
Further details of the build-up of the fission fragment distri-
bution can be found in Ref. [187]. The TXE is distributed
over the light and heavy fragment using the Ry parameter
which is defined as the ratio of effective temperatures in the
fission fragments,

R — Ty | Eran(Ep)
T — +~+ — — )
Ty En ai(Ep)

where a; (E; ) are the level density parameters at Ej p.
Therefore, the energies are given by

(322)

R2a
E, = TXE— r

,E; =TXE
Ry.a; + ap

o E—— 323
R%al +ay (323)

The TXE distribution G is also represented by a Gaussian,

2
1 (Ex — Ep)
GEy)) = —expy—————+—— ¢, (324)
' V2 Wi ’ { 2W12,h }
where
Wrxe
Wi = E;p, (Wrxg = Wrkg)- (325)

2 2
VE +Ej
14.1.3 SPY model

The SPY model [189,190] is a static and statistical scission-
point model that assumes a statistical equilibrium at scission.
This model is based on microscopic inputs, computed within
the constrained Hartree-Fock-Bogoliubov (HFB) mean-field
model using the Skyrme BSk27 nucleon-nucleon effective
interaction [191]. This interaction can predict all the 2457
experimental masses [111] with a root-mean-square devia-
tion of 0.51 MeV. The main advantage of using the HFB
model is it can describe nuclear structure properties for a
wide range of nuclei without phenomenological parameters
apart from those of the effective interaction (see Sect. 9).

In the SPY model, the scission configuration is defined
by the proton density at the scission neck of the fissioning
nucleus. The fission fragment yields are obtained by counting
the number of available states at scission for all possible
fragmentations. Currently, fission fragment distributions for
more than 800 nuclides are available in TALYS.

14.1.4 TALYS applications

Preliminary results from the Hauser-Feshbach loop over all
excited fission fragments have been reported in Ref. [192].
A complete publication with all the calculational details and
results for a wide range of nuclides and observables is under-
way, and here we merely give a small preview of some results
for 23°U. While all fission fragments are evaporated, TALYS
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Fig. 24 Comparison of prompt fission neutron spectra for thermal neu-
trons on 23U calculated by TALYS using the GEF and HF’D fission
fragment distributions as a starting point, with experimental data and
the ENDF/B-VIII data library [193]. The inset shows the ratio over the
Maxwellian distribution. The experimental data are from the EXFOR
database [80]
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Fig. 25 Comparison of the average neutron multiplicity as a function
of neutron incident energy for 2>>U calculated by TALYS using the GEF
(red solid line) and HF?D (black solid line) fission fragment distribu-
tions, with experimental data from the EXFOR database [80], and the
ENDEF/B-VIII data library [193]. The GEF calculation by the original
code (blue solid line) is also shown

collects the data of all emitted particles and residual fis-
sion products. Figure 24 shows the prompt fission neutron
spectrum for thermal neutron-induced fission. It is clear that
TALYS results cannot yet match the accuracy of experiment-
based evaluation of ENDF/B-VIII [193]. This is especially
visible upon comparison with the Maxwellian ratio, which
shows a deviation at the lowest and highest energies for both
the GEF and HF>D sets of fission fragments. Figure 25 shows
the average neutron multiplicity, which shows an interest-
ing difference coming from full Hauser-Feshbach decay by
TALYS versus the built-in neutron evaporation model in GEF.
Figure 26 shows the final fission product yield.
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Fig. 26 Comparison of fission product yield for thermal neutrons on
25U calculated by TALYS using the GEF (red solid line) and HF?D
(black solid line) fission fragment distributions, with the ENDF/B-
VIII [193] and JEFF—3.3 [194] data libraries. The GEF calculation
(blue dashed line) is also shown

14.2 High energies: temperature-dependent Brosa model

The description of fission fragment and product yields fol-
lows the procedure outlined in Ref. [184]. The Hauser-
Feshbach formalism gives a fission cross section per excita-
tion energy bin for each fissioning system. The fission frag-
ment masses and charges are, subsequently, determined per
given excitation energy bin E, in a fissioning system (FS),
characterised by (Zfs, Afs, E,), for which the fission cross
section exceeds some minimum value. The total fragment
mass distribution is given by a sum over all contributing bins
weighted with the corresponding fission cross sections:

c(Arp) = Y

ZFs,AFs,Ex
xY(AFF; ZFs, Ars, Ex),

of(ZFs, AFs, Ey)

(326)

where Y(AFrr; ZFrs, Ars, Ey) is the relative yield of a fis-
sion fragment with mass A pr originating from a fissioning
system. Combining this expression with the result of a fission
fragment charge distribution calculation gives the final pro-
duction cross section of a fission fragment with mass Arp
and charge ZrF:

Oprod(ZFF, AFF) = Z
Zps.Ars,Ex

xY(AFF; Zrs, Ars, Ex)
xY(Zrr; AFr, ZFs, Ars, Ey),
(327)

of(ZFs, Ars, Ey)

where Y(Zrr; Arr, ZFs, AFs, Ey) is the relative yield of
a fission fragment with charge Zgr given its mass Arr and
the fissioning system characterised by (Zrs, Ars, Ex).

The fission fragment mass distribution is determined with
a revised version of the multi-modal random neck-rupture
model. The original model has been developed by Brosa et
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al. [195] to calculate properties of fission fragments at zero
temperature. However, fission calculations within TALYS
require fragment mass distributions up to higher tempera-
tures. In the version of the model of Ref. [184] the tem-
perature is added to the calculation of the potential energy
landscape of the nucleus.

15 Astrophysical reaction rates

In view of the huge amount of nuclear data needed for nuclear
astrophysics applications [196], TALY'S has been and is still
used extensively in many different branches of astrophysics
(see Fig. 1). Although significant effort has been devoted
in the past decades to measuring reaction cross sections
of astrophysical interest, experimental data only covers a
minute fraction of the entire data set required for such a
nuclear physics application. Reactions of interest often con-
cern unstable or even exotic (neutron-rich, neutron-deficient,
superheavy) species for which no experimental data exist.
Some astrophysical applications, such as nucleosynthesis
also involve a large number (thousands) of unstable nuclei for
which many different properties have to be determined. The
energy range for which experimental data is available is also
restricted to the small range that can be studied by present
experimental setups. Finally, a thermonuclear reaction in an
astrophysical plasma also depends on some specific proper-
ties of this plasma, in particular its temperature. To fill the
gaps, only theoretical predictions can be used [196].

A thermodynamic equilibrium holds locally to a good
approximation inside stellar interiors. Consequently, the
energies of both the targets and projectiles, as well as their
relative energies E, obey a Maxwell-Boltzmann distribution
corresponding to the temperature 7 at that location (or a
black-body Planck spectrum for photons). In such conditions,
the astrophysical rate is obtained by integrating the cross sec-
tion over a Maxwell-Boltzmann distribution of energies at the
given temperature 7. In addition, in hot astrophysical plas-
mas, the target nucleus exists in its ground as well as excited
states. In a thermodynamic equilibrium situation, the relative
populations of the various levels of nucleus /* with excita-
tion energies EX and spin I* obey a Maxwell-Boltzmann
distribution. The effective stellar rate per pair of particles in
the entrance channel at a temperature 7', taking account of
the contributions of various target excited states, is finally
expressed in a classical notation (see Sect. 5) as

. B 8 \1/2 Na
Na (av>aa/(T) - <_> m

mm

Qi+ ,
/ Z e+ e ®
E + EY

T (328)

erxp(— )dE,
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where k is the Boltzmann constant, m the reduced mass of
the 7° 4+ a system, . = 0 denotes the target ground state,
N4 the Avogadro number, and

G(T)=

Yo Q@I+ 1)/QI°+ 1) exp(—EL/kT)  (329)

I

the T-dependent normalized partition function. In the spe-
cific case of the radiative neutron captures, the Maxwellian-
averaged reaction rate is traditionally expressed by the
Maxwellian-averaged cross section (MACS)
(o) = (ov)/vr (330)
where vy = /2kT /m is the thermal velocity at the temper-
ature 7.

Reverse reactions can also be estimated on the basis of
the reciprocity theorem [172]. In particular, the stellar pho-
todissociation rates for astrophysical applications have until
now been derived mainly from radiative capture rates by the
expression

(T) = QI+ D)Q2ja+1) Gi(T)
M Q10+ 1) G(T)
mkT \3/2 _
(2nh2) Wiy e 2 (331)

where Q,, is the Q-value of the / O(a, 1274 0 capture. We note
that, in stellar conditions, the reaction rates for targets in ther-
mal equilibrium are usually believed to obey reciprocity since
the forward and reverse channels are expected to be symmet-
rical, in contrast to the situation that would be experienced
by targets in their ground state only [172]. The total stellar
photodissociation rate can also be determined directly from

YL QIF+ 1) A, (T) exp(—Ey /kT)
>, I* 4 1) exp(—EX /kT)

’

Mya)(T) =

(332)

where the photodissociation rate Af‘y ) of state u with exci-

tation energy EY is given by

(y a)(T) / cny(E,T) a(’;’a)(E) dE , (333)

where c is the speed of light, 0( y.a) (E) is the photodisintegra-
tion cross section at energy E estimated within the above-
described reaction formalism, and n, (E, T) is the stellar
y-ray distribution described by the black-body Planck spec-
trum at the given temperature 7. Concerning the calculation
of Maxwellian-averaged reaction rates of astrophysical inter-
est, the TALYS code has some clear advantages over pre-
vious codes developed for astrophysical applications, such
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as MOST [197] or NON-SMOKER [198]. As detailed in
Ref. [199], these concern:

e the inclusion of the pre-equilibrium and direct capture
reaction mechanisms,

e the detailed description of the decay scheme, including
the description of y-delayed particle emission and the
possible particle emission from all residual nuclei,

e the inclusion of multi-particle emission,

e theinclusion of detailed width fluctuation corrections [200,
201] in contrast to the approximation of [202,203] usu-
ally applied in other astrophysical codes,

e the inclusion of parity-dependent level densities,

e the inclusion of a coupled channel description for
deformed nuclei, while other astrophysical codes con-
sider spherically equivalent optical potentials for deformed
targets, and

e the inclusion of the fission channel for the compound
as well as the residual nuclei. Fission is often neglected
in astrophysical codes, and if included, insufficiently
tested on experimental data and not consistently taken
into account in the full decay scheme.

16 Illustration of TALYS calculations

All nuclear reaction models outlined in this paper are driven
by parameters. During the two decades of TALYS develop-
ment, global trends and systematic formulae for all these
parameters have been established. Hence, TALYS can be
used for entirely global calculations, being agnostic to the
experimental data from a particular nucleus, or as a fitting
code, where it is assumed that the functional forms provided
by the physics of TALY'S only needs to be altered by adjusting
the nuclear model parameters to obtain a good fit to experi-
mental data. In this Section, both approaches will be demon-
strated by several examples.

16.1 Radiative neutron capture

Figure 27 shows a simple example of the flexibility offered
by level density adjustment given by Eq. (230) to tune cross
sections. In this case, both parameters ¢ and § of Eq. (230) are
adjusted to improve the description of the low-energy discrete
levels of °Y (as shown in the upper panel of Fig. 27). This
results in an improved description of the 3Y capture cross
section (lower panel of Fig. 27). In this illustration, the PSF
has also been tuned on experimental radiative width once the
level density is adjusted on experimental data. The default
calculation corresponds to setting both parameters entering
Eq. (230) to zero (¢ = 0, 6 = 0).

Sect. 12 explained how the PSF can be altered by means of
the three adjustable parameters introduced through Eq. (293),

T T T T I T T T T I T T T T I T T T T I T T T T
P 1000 =
[] = 3
3 - — Exp. 3
- ~ —— Adjusted 7]
o B —— Defaut .
2 100E =
£ - -
5 - -
c - -
- L _
]
) 10 -
3 = =
£ = -
S C ]
(6] _
1 1 11 1 l 1 11 1 l 1 1 e, l 1 1 | . l 1 1 1 1
0 1 2 3 4 5
Neutron energy (MeV)
100§ T IIIIIII| T T IIIIII| T T IIIIII| T IIIIII] 3
~ 10" - -
8 E: 3
c [ m
o L -
8 10" E
» E 3
(7] - a—
e L ]
O 3 « Exp.
10 E —— Adjusted
E ~— Default
104_ vl vl vl il
10° 10° 10" 10° 10’

Neutron energy (MeV)

Fig. 27 Impact of the level density adjustment (Eq. 230) on the cumu-
lative number of low-lying levels in *°Y (upper panel) and the Y (n, y)
cross section (lower panel). The black symbols correspond to experi-
mental data taken from the EXFOR library [80]

as illustrated in Fig. 21. An important application of this
parameter adjustment is to obtain an optimal calculation of
(n, y) cross sections over the entire energy range. Figure 28
shows a calculation performed with the QRPA PSF and the
HFB plus combinatorial microscopic level densities. For this
combination of models, the w®'® parameter has been opti-
mized to all nuclides for which experimental (n, y) cross
sections are available. The resulting values of w'®® are plot-
ted in Fig. 29. This means that by only changing the width of
the PSF, leaving its absolute strength and position the same,
the (n, y) excitation function can be shifted in absolute value
until the best agreement with measurement is obtained. The
global value of w™Pl® i.e. averaged over the optimized val-
ues for all nuclides is equal to 1.017, i.e. a slight increase
compared to purely microscopic tabulated values (given by
w'@!® — 1), For the particular case of 74Yb(n, y), this calcu-
lation leads to the global TALYS curve in Fig. 28. Reducing
the value of w!® t0 0.90 yields the fitted TALYS curve. This
procedure has been automated for all nuclides: provided the
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Fig. 28 Adjustment of the PSF with a w''® = 0.9 parameter to repro-
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Fig. 29 Values of the w'"'® parameter providing optimal fit to (1, y)
cross sections in the fast neutron energy range as a function of target
mass number A

correct experimental data are selected (which is not an obvi-
ous task), the optimal value of w'®'® is readily obtained. It
should be mentioned that other experimental data need to
be simultaneously taken into account to constrain the cal-
culation. Often, the average radiative capture width, (I")),
and the MACS are also measured. Table 2 illustrates, for
the '74Yb(n, y) case, the agreement between experiment and
theoretical values obtained with the global and adjusted val-
ues of w e The combined picture of the three different
types of observables is often seen in nuclear data evalua-
tion: they do not all point to the same optimal nuclear model
parameter. Although the adjusted value of w'!®, optimized
to differential (n, y) cross sections is confirmed by the com-
parison with the experimental MACS value, the (I',) seems
to favor the global value for w2,

16.2 Photoneutron cross sections

Figure 30 compares TALY'S prediction of photoneutron cross
sections for stable Sm isotopes with experimental data [204—

@ Springer

Table 2 Comparison for 174Yb(n, ) MACS and ' Yb (I") ) between
experimental data and TALYS predictions obtained with the global
model or the model adjusted to (1, ) cross sections with w'Ple = (.90,
as illustrated in Fig. 28. The C/E value gives the theoretical deviation
with respect to experiment

MACS (mb) (I'y) (V)
Exp. 151. £ 1.7 0.08 & 0.02
Global 249.4 (C/E = 1.65) 0.0689 eV (C/E = 0.86)
Adjusted 172.9 (C/IE = 1.14) 0.0415 eV (C/E =0.52)

207]. TALYS calculations are obtained with the D1M+QRPA
[140] or the BSk7+QRPA [157] PSF models. Both are
PSF models that have been globally adjusted on photodata.
Improved adjustment can be obtained using TALY'S capabil-
ities to modify locally the PSF, as described in Sect. 12.4.
Using the same PSF, the inverse radiative neutron capture
cross sections have been calculated and compared with exper-
imental data in Fig. 31. In this case the DIM+QRPA PSF
is used to estimate the cross section calculation. Since the
cross section also depends on the adopted level densities,
two models are considered, namely the Skyrme-HFB plus
combinatorial model [140] and the temperature-dependent
Gogny-HFB plus combinatorial [137]. Both of them are nor-
malized to the experimental s-wave resonance spacing Dy
values [9] whenever available. More details can be found in
Ref. [204].

Figure 32 compares experimental and TALYS photoneu-
tron cross sections for 81 Ta. It includes the total photoreac-
tion cross section [208,209] as well as the partial cross section
to the 9~ 80Ta™ isomer only [209]. TALYS total and partial
cross sections have been estimated with the SLy4+QRPA PSF
and two level density models, namely the HFBCS plus statis-
tical [131] or the HFB plus combinatorial [106] models. The
weak partial cross section 181Ta(y,n) 80T is sensitive not
only to the '¥!Ta E1 PSF and '8Ta — neutron optical poten-
tial (in a similar way as the total photoneutron cross section)
but also to the detailed level spectrum in '39Ta responsible for
the E1 photon cascade. In this respect, the measured partial
cross section is relatively sensitive to the spin- and parity-
dependent nuclear level density of '39Ta. More details can
be found in Ref. [209].

16.3 (n, xny) cross sections

The exact exclusive reaction decay scheme outlined in Sect. 2
allows to keep track of gamma-ray intensities between dis-
crete levels, for either exclusive or residual production cross
sections. Figure 33 shows four specific 233U(n, n'y) cross
sections of the 2*3U ground state band. Such cross sec-
tions provide strong constraints on the total inelastic mod-
eling, in particular in situations where (n,n’) is hard to
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Fig. 30 Comparison between experimental [204—207] and TALY S photoneutron cross sections for Sm isotopes. The predictions are obtained with
D1M+QRPA (solid red line) [140] or the BSk7+QRPA (dashed blue line) [157] PSF models

measure. The underlying idea is that if the nuclear reac-
tion models succeed in describing individual transitions, this
gives a better confidence in the predictive power regarding
more global cross sections. In this illustration, two models
are considered for the pre-equilibrium spin distribution (see
Sect. 6.3). The red curves correspond to the usual defini-
tion of the pre-equilibrium spin cut-off factor of Eq. (177)
using C, = 0.24. while the green curves are obtained using
Cp, = 0.04, as suggested in a much detailed analysis reported
in Ref. [93]. As can be observed, the agreement, even if it
is not perfect, is much better with this latter choice. This
stems from the fact that the initial spin distribution which
precedes the pre-equilibrium process is predicted, by micro-
scopic approaches, to be peaked at lower spins than what
Eq. (177) with C,, = 0.24 prescribes. The consequence is
that high spins are less populated leading to a reduction of
the cross sections for the highest spin transitions.

16.4 Actinides and fission cross sections

A proper description of the fission channel poses one of the
largest challenges of nuclear reaction modeling. Often, one
can be satisfied if a fission calculation is descriptive, with
respect to experimental data, while being predictive is beyond
the current capabilities of nuclear theory. For TALYS, we
have considered the following interesting challenge: Can we
build a systematic evaluation approach which gives a simul-
taneous reasonable description for all actinides for which
experimental data exist, i.e. from 227 Ac to 252Cf. It turns out
that this is indeed possible to some extent, of course at the
expense of using several adjustable parameters. The objective
is then to consistently use the same type of model parameters
to adjust for each fissioning nuclide. As mentioned in Sect. 3,
TALYS can include all the OMP’s from the RIPL database
and has as default the dispersive OMP of Capote et al. [35],
which gives a good description of all OMP-related observ-
ables over the whole actinide range. The other global settings
we use are a rotational band up to the 5th excited state to be
included in the coupled-channels equations, the SMLO PSF
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neutron capture cross sections for Sm isotopes. The TALYS calcu-
lation is based on the DIM+QRPA PSF [140], as shown in Fig. 30.
The hashed area corresponds to the sensitivity to the nuclear level den-
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Fig. 32 Comparison between experimental and theoretical photoneu-
tron cross sections for '8! Ta. The open squares, diamonds and circles
correspond to the experimental total '81Ta photoreaction cross sec-
tion [208-210] while the lower full circles correspond to the partial
cross section to the 9~ 80Ta” jsomer only [209]. The blue and red
lines correspond to TALYS predictions of the total and partial cross
sections, respectively, using the HFBCS plus statistical [131] or the
HFB plus combinatorial [106] level densities, respectively
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sities obtained with the HFB plus combinatorial model [106] or the
temperature-dependent HFB plus combinatorial model [137]. Experi-
mental data (black symbols) are taken from the EXFOR library [80]

model including an M 1-upbend of which the parameters have
been adjusted first to the (n, ) cross sections, microscopic
HFB plus combinatorial level densities (both for the ground
state and saddle points, and HFB-based fission paths using
the WKB approach to calculate fission transmission coeffi-
cients. For the first chance fission cross section, there are 7
parameters to be adjusted, in case of two fission barriers. The
height of the fission barriers is adjusted by one global factor,
while the relative shape of the barriers is given by the HFB
fission paths. Next for the level density for each fission bar-
rier, three parameters can be adjusted, one for the absolute
value of the level density, one for the pairing, see Eq. (230),
and one for the spin distribution. Obviously, for this case, we
should not expect that the best possible evaluation for the “big
3” actinides 23>23%U and >*°Pu comes from this approach
(which would require a much larger number of adjustable
parameters), but eventually for several minor actinides the
current evaluation method may approach the quality of the
others. Figure 34 shows the result for the fission cross sec-
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Fig. 33 23U(n, n'y) cross sections for 4 transitions within the ground
state rotational band. Spin and parity of the initial and final states are
reported in each panel. Black and blue squares correspond to Ref. [93]
and Ref. [211] respectively. The red and green lines correspond to two
options for the pre-equilibrium spin distribution of the exciton model
(see text for more details)

*"Np(n,f)
2500

T

TALYS

Diakaki(2016) +

Diakaki(2016) X

Salvadorcastineira(2017) *

Diakaki(2013) &
Paradela(2010)

2000

1500

1000

Cross section [mb]

500 F 4 |

0 1 2 3 4 5
Incident Neutron Energy [MeV]

Fig. 34 TALYS calculation for the 237Np(n, f) reaction. Experimen-
tal data (symbols) are taken from EXFOR database [80]

tion of 23’Np up to the threshold for second chance fission.
Similar quality of fits are obtained for all other actinides.
A future challenge will be to enforce consistency between
fission nuclides and first, second etc. chance fission, so that
good evaluations up to 20 MeV can be obtained with the
WKB method. For U isotopes and phenomenological mod-
els this has already been accomplished with TALY'S [55].
Microscopic inputs have also been used to determine fis-
sion cross sections on a larger scale [176,177]. Figure 35
illustrates the 2*°Pu neutron-induced fission cross section
obtained with HFB fission path [173] and HFB plus combina-
torial level densities both in the ground state and at the fission
saddle points [106]. The default HFB barriers are relatively

E_[MeV]

Fig. 35 2*OPu neutron-induced fission cross section. The green curve
corresponds to the TALYS default calculation with a microscopic HFB
fission path [173] and HFB plus combinatorial level densities both in
the ground state and at the fission saddle points [106]. The red curve is
obtained adjusting the microscopic fission barrier by a nuclide-specific
multiplication factor. The blue curve is obtained using a global normal-
ization for the fission barriers. Experimental data (symbols) are taken
from EXFOR database [80]. See Ref. [176] for details

high, so that the cross section is severely underestimated at
low energies. However, a simple overall decrease of the fis-
sion path obtained from systematics [176] can already signif-
icantly improve the agreement with data. A specific adjust-
ment of the fission path can further improve the description,
as shown in Fig. 35.

If in addition to the fission path adjustment, the nuclear
level densities at the fission saddle points are tuned, an excel-
lent fit to the cross section can be achieved, This is illustrated
in Fig. 36 where the 238U neutron-induced fission cross sec-
tion is compared to experimental data. In this case, the fit
obtained with microscopic models is found to be relatively
similar to that with more macroscopic models for the PSF,
level densities and fission paths (see Ref. [177] for more
details). However, if fission cross sections are described in
one unique coherent framework for all U isotopes, such a
high accuracy may be compromised, as shown in Fig. 36.

16.5 Astrophysical rates

Figure 37 compares the 240 experimental MACS [212] at
30 keV (assuming the target in its ground state only) for
nuclei with 20 < Z < 83 with the TALYS predictions
obtained with the D1M+QRPA-+0lim model of the PSF [140]
and the HFB+combinatorial level density model [106]. Note
that in the TALYS calculation, the PSF is not renormalized
for reproducing the experimental average radiative width.
Only nuclei with Z > 20 are considered in the comparison
to ensure the validity of the Hauser-Feshbach approach, the
cross section for lighter nuclei being affected by the direct
capture contribution and the resolved resonance range.
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Fig. 36 233U neutron-induced fission cross section. The blue curve is
obtained optimizing the parameter of macroscopic models [55] while
the red curve is a fit on the basis of microscopic models [177] regardless
of constrained stemming from neutron-induced fission cross section on
the other U isotopes. The green fit is obtained tuning the microscopic

model to reproduce, at best, all experimental data along the U chain in
one unique coherent framework [177]
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Fig. 37 Ratio of the theoretical to experimental (1, y) MACS atkT =
30 keV as a function of the atomic mass A for all the 240 nuclei between
Ca and Bi for which experimental MACS exist [212]. The theoretical
MACS are obtained with the DIM+QRPA+0lim PSF [140] and the
HFB+combinatorial model of level densities [106]

Different nuclear inputs may lead to relatively differ-
ent predictions when dealing with exotic neutron-rich or
neutron-deficient nuclei. This is illustrated on the (n, y)
MACS in Figs. 38-39 obtained with different PSFs, namely
the DIM+QRPA+0lim [140] and the RMF plus QRPA [158]
(see Sect. 12) or different level density models, namely the
constant-temperature [ 122] and the HFB+Combinatorial [ 106]
models (see Sect. 11). Global variations are found, in particu-
lar when varying the PSF, but also local variations, and more
specifically odd-even or shell effects are observed, in partic-
ular when changing the level densities.

16.6 Radionuclide production

A popular application of TALYS is to predict the production
of radioisotopes for medical applications. Up to now, approx-
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Fig. 38 Representation in the (N, Z) plane of the ratio between the
theoretical (1, y) MACS at a temperature 7 = 10° K obtained with
two different PSF models, namely the DIM+QRPA [140] and the RMF
plus QRPA [158] (see Sect. 12). The color code gives the logarithmic
value of the ratio
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Fig. 39 Representation in the (N, Z) plane of the ratio between the
theoretical (n, y) MACS at a temperature T = 10° K obtained with two
different level density models, namely the constant-temperature [122]
and the HFB+Combinatorial [106] models (see Sect. 11). The color
code gives the logarithmic value of the ratio

imately 600 papers have been published in which TALYS
was used to estimate cross section excitation functions, often
in combination with new cross section measurements. The
resulting excitation functions can then be combined with
the characteristics of a dedicated irradiation source, often a
reactor or a cyclotron, to estimate the final radioactive yield
as a function of the irradiation time. The majority of those
cases concern proton-induced reactions, although there are
also a significant number of TALYS analyses with photon-,
deuteron- and alpha-induced reactions.

The predictive power of TALYS for excitation functions
is determined by the quality of the optical model, the pre-
equilibrium model and its parameters, level densities and the
accuracy of the multiple emission Hauser-Feshbach model.
The combination of these models generally give a reasonable
to a good description of measured residual production cross
sections from 10 to 200 MeV.
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Figure 40 illustrates the excitation function of 1237 ( p,n.
It shows the difference between a global TALYS calculation,
with all nuclear model parameters at their default values,
and a calculation with adjusted values for the most sensi-
tive parameters in the 5-20 MeV energy range for (p, n)
reactions, which are often used as a production route for
medical isotopes. The TASMAN code [11] has been used to
(a) determine the most important TALYS parameters from
sensitivity profiles and (b) to optimize these parameters in a
multi-dimensional parameter search. For the optimal result,
the following parameters take on values within 10% of their
default values:

e radius of real volume potential ry for protons, see
Eq. (71),

e radius of imaginary surface potential rp for protons, see
Eq. (71),

e radius of real volume potential ry for neutrons, see
Eq. (71),

e single-particle state density parameter for the compound
nucleus, see Eq. (167),

e single-particle state density parameter for the residual
(p, n) nucleus, see Eq. (167),

e total level density parameter for the residual (p,n)
nucleus, see Eq. (230).

which amounts to 3 OMP parameters, 2 pre-equilibrium
parameters and 1 compound nucleus parameter. It turns out
that these 6 parameters can be used to get a good (p, n) fit
for all nuclides for which experimental data exist. It is also
important to filter the experimental data set for obvious out-
liers: in the current case the data from Barrall et al. [213]
has been excluded from the optimization, while those of
Mahunka et al. [214] and Scholten et al. [215] have been
included. It is interesting to see that both the global and fit-
ted TALYS calculations, as well as the JENDL—5.0 evalua-
tion [216] follow the Mahunka et al. data in the rising part
of the excitation function, regardless of the inclusion of the
Scholten et al. data in the optimization of the fitted TALYS
results. Apparently, the nuclear model does not allow a shift
to the higher energies, regardless of its parameters. The IAEA
evaluation [217] generally comes from least-squares fitting
by means of a Pade approximation.

Similar sets of about 2 to 7 sensitive parameters can be
identified to automatically optimize other excitation func-
tions such as (n, y), the combination of the three correlated
channels (n, n'), (n, 2n) and (n, p), (n, @), (n, f), (a, n) etc.
for all nuclides for which experimental data exist. Of course,
one should always remember that there are model limitations
which currently make it impossible to reproduce the required
shape of the experimental excitation functions (assuming
these represent reality), even if we allow the parameter values
to move away quite far from the default values.
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Fig. 40 Excitation function of '23Te(p, n), calculated with global and
adjusted TALY'S parameters compared with existing nuclear data eval-
uations, such as JENDL—5.0 [216] or IAEA [217], and experimental
data [213-215]

Trends in nuclear model parameters are also being inves-
tigated at higher energies. Fox et al. [90] measured residual
production cross sections for protons incident on spherical
nuclides and performed an analysis of the various nuclear
model parameters that play an important role in the 30-100
MeV range.

For radioisotope production with charged particles, TALY'S
contains a built-in module to estimate the radioactive yields
on the basis of accelerator characteristics such as power,
energy, irradiation time, and basic production and deple-
tion equations for activation. For this, the radioactive decay
paths to the produced isotopes need to be known. Therefore,
the JEFF—3.1.1 Radioactive Decay Data File [194,218] is
included in the nuclear structure database. We give in Fig. 41
an example of the production of > Tc via proton irradiation
of 199Mo, which is one of the production routes considered
as an alternative for production with a reactor. First, Fig. 41
gives a comparison between an optimized TALYS calcula-
tion, experimental data and a few evaluated data libraries. The
fit is obtained by optimizing the same 6 parameters as men-
tioned before, with an additional reduction of the spin cutoff
parameter of the residual level density, to obtain a good agree-
ment with the isomeric ratio. The excitation function can then
be inserted into the module for radioisotope production and
the result for a typical cyclotron set-up is given in Fig. 42.
Extending this capability to photon and neutron irradiations
(with e.g. a reactor) is under construction.

16.7 High-energy models

In the nuclear data community, energies beyond 50 MeV are
often called “intermediate” or even “high”. As the models
built in TALY'S should cover incident energies up to (at least)
200 MeV a few examples for this energy range are given
below.
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obtained with an optimized TALYS calculation with existing nuclear
data evaluations [11,193,216,217] and experimental data taken from
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Fig. 42 Total activity of **"Tc produced by a 24 MeV proton accel-
erator of 150 1A and a '““Mo target with an energy of 10 MeV at the
back of the target, for an irradiation time of 24 h and a cooling time of
24h

First, we argued in Sect. 8 that the multiple pre-equilibrium
process is indispensable for incident energies above 50 MeV
or so. The situation is similar to that presented in Fig. 12
for the primary pre-equilibrium process: the highly excited
nucleus contains so much energy that more than one fast
particle can be emitted from the non-equilibrated nucleus. If
this process would not exist, particle evaporation would take
place much deeper in the isotopic chain of every residual
nucleus, since the evaporating system would only lose energy
through sequential compound emission. Figure 43 shows a
TALYS prediction for high-energy protons on %’Bi with the
default calculation compared with one where multiple pre-
equilibrium emission is deactivated. The excitation function
without multiple pre-equilibrium decreases much faster since
more reaction flux can go to the lighter Biisotopes. In general,
one observes that omitting multiple pre-equilibrium leads to
significant deviations from experiment.
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Fig. 43 Excitation function for 2% Bi(p,x)2%Bi compared with exper-
imental data from the EXFOR database [80]. Two calculations are
shown: one default TALY'S calculation, and one with the multiple pre-
equilibrium process turned off (No MPE)
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Fig. 44 Subactinide fission: 2 Tl(p, f) TALYS calculation compared
with experimental data [219]

The last example is high-energy fission. This may fall
into two categories: (1) actinide fission, where the “normal”
fissioning process of actinides is simply extended to higher
energies, with multi-chance fission now coming from several
residual nuclides, (2) subactinide fission, observed in the W-
Bi range, where the fission contribution comes from multi-
chance fission of unstable residual nuclides far away from the
target nucleus. Figure 44 gives the example of 2P TI(p, f).
For subactinides, these calculations are based on the RFRM
fission barriers [179], as described in Sect. 13.

17 TALYS in a larger system

This paper concerns the nuclear physics implemented in
TALYS and a description of the observables it can simulate.
A paper of similar size could be devoted to the impact of
the code on many important nuclear fundamental or techno-
logical applications. Instead of adding all that to the current
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paper, we merely mention some of the most important exam-
ples. Also the current paper does not go into detail on the
computational structure of the code.

An important aspect of TALYS is consistent and user-
friendly input and output. Versatile interfacing of data is
essential for basically all use of TALYS, from making the
simplest plot to full-scale automation in larger software sys-
tems.

There are two important satellite programs for TALY'S that
have appeared many times in the literature already:

e TASMAN [11], statistical software for TALYS. The most
used function of TASMAN is the generation of prob-
ability distributions for all the outputs of TALYS such
as cross sections, spectra, angular distributions etc. and
their related first moments such as averages, variances
and covariances. It does this on the basis of Bayesian
Monte Carlo sampling of the TALYS input parameters
while looping over TALYS. Generally, after a few hun-
dred TALYS runs all converged statistical information is
available. TASMAN can also create parameter sensitivity
profiles for all cross sections, spectra etc. and it can auto-
matically fit TALYS results to experimental data through
deterministic or stochastic search methods on the model
parameters.

e TEFAL [11], for translating the results of TALYS into
ENDF-6 data libraries. TEFAL was constructed to avoid
any error-prone human interference in the creation of
nuclear data files: the whole ENDF-6 file is created at
once, on the basis of all nuclear reaction information that
we feed it with. Hence, the idea is to first run TALYS for
a projectile-target combination and a range of incident
energies, and then to obtain a ready to use nuclear data
library from the TEFAL code through processing of the
TALYS results, if needed by merging it with experimen-
tal data or data from existing data libraries. For all this, a
significant part of the ENDF-6 formats manual [10] was
implemented in TEFAL.

The combination of TALYS, TASMAN and TEFAL lies at
the basis of two important applied developments of the past
15 years: Total Monte Carlo uncertainty propagation [220]
and the TALYS Evaluation Nuclear Data Library, known as
TENDL [11].

18 Outlook

We note that various extensions are possible for the physics
included in TALYS, and some will be mentioned below.
Obviously, we cannot guarantee that these will be included
in a future release. This will depend on the required effort,
future careers of the authors, the user’s willingness to share

code updates with us, our willingness to implement them,
and in the case of significant extensions, financial input from
research programs that require nuclear data.

By now the reader should have an overview of the nuclear
reaction simulations provided by TALYS. It is always wise
to limit expectations, and warn the user that there are sev-
eral important quantities in nuclear physics and nuclear data
which TALYS cannot handle. If TALYS cannot do it, then
either we have developed other software to take care of it, or
it falls outside the scope of the physics included in TALYS,
and software by other groups should be considered. Some of
TALYS restrictions are listed below.

e The heaviest projectile or emitted particle considered is
an a-particle. Hence, TALYS is not (yet) an heavy-ion
collision code. Many of the essential mechanisms like
pre-equilibrium and compound nucleus decay are how-
ever in place. A proper OMP for heavy-ion reactions
needs to be implemented to describe the fusion cross sec-
tion, at least, while direct reaction effects for heavy ions
would probably be beyond the scope of what TALYS is
supposed to cover.

e The so-called Engelbrecht-Weidenmiiller transformation
has not been implemented yet. It allows us to treat more
in-depth the interplay between elastic and inelastic chan-
nels via interfering compound and direct reactions, see
Refs. [61,62] for recent progress. An implementation for
TALYS is underway.

e Primary y-rays from the compound nucleus directly
to discrete states or the ground state could be taken
from a combination of experimental and evaluated data
from the Evaluated Gamma-ray Activation File (EGAF)
database [221] and simulations, such as currently done
by the code Dicebox [222].

e Quantum-mechanical pre-equilibrium models could be
implemented. Concerning continuum reactions, there
exists microscopic multi-step direct software for quantum
mechanical pre-equilibrium calculations (Multi-step
direct/Multi-step compound) [223], which still needs to
be merged with TALYS.

e Individual resonance reactions are not modeled. This
is the domain of R-matrix theory (or its more or less
approximate versions) that can be handled by codes like
SAMMY [224] or CONRAD [225]. TALYS does how-
ever reconstruct cross sections from resonance parame-
ters as provided by the TARES code [73].

e Light-nuclide physics, as implemented in R-matrix codes
is missing. TALY'S is in essence a statistical model code,
and that statistics starts to break down for systems with
less than typically 20 nucleons.

e An explicit microscopic treatment of stripping and pick-
up mechanisms for e.g. (d, p) reactions is not included.
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There are a few codes, like FRESCO [226] and DEU-
RACS [227], which handle that.

e Optical potential model to handle the fission-absorption
competition far below the barrier could be imple-
mented [228].

In general, the nuclear structure database can still be
extended with more tables based on microscopic nuclear
structure calculations that have proven their capacity to repro-
duce associated observables accurately. Through a trivial
change in the TALYS code, the impact of these ingredients
on reaction calculations can immediately be tested.

TALYS is already being used with microscopic OMPs,
but only with the spherical JLMB method. An extension
to deformed JLMB has been made available, but is not yet
implemented. A few direct reaction items, such as the pre-
diction of the isobaric analogue state, are also yet to be com-
pleted.

A general analysis of all actinides simultaneously should
result in a stable, ready-to-use fission database. It is clear
that the theoretical fission models themselves are also not
yet mature, even though microscopic fission paths are now
included.

Coupling TALYS with high-energy intranuclear cascade
(INC) codes is possible, now that TALYS is able to take
a pre-defined excitation population distribution as the start-
ing point. The INC code would take care of energies above
e.g. 200 MeV, while TALYS takes over below that cut-
off energy. The well-validated pre-equilibrium and Hauser-
Feshbach approach at lower energies may then lead to more
precise simulated data (including isomer production), even
for reactions in the GeV region.

As for computational possibilities, the current day com-
puter power enables to use nuclear model codes in ways
that were previously thought impossible. Activities that have
already proven to be possible are the generation of nuclear-
model based covariances with Monte Carlo methods, auto-
matic multi-parameter fitting of all partial cross sections to
the existing experimental data, and dripline-to-dripline gen-
eration of all cross sections over the entire energy and pro-
jectile range, see e.g. the TENDL link on the TALYS web-
site (https://www.talys.eu). The applications range from fun-
damental science (e.g. astrophysics) to the production of
nuclear data libraries for existing and future nuclear tech-
nologies.

The development of TALYS has initially followed the
“first completeness, then quality” principle. This merely
means that, in our quest for completeness, we tried to divide
our effort equally among all nuclear reaction types. We think
that, with the exception of a few issues the code is indeed
complete in terms of predicted quantities. We now hope that
TALYS also qualifies for “completeness and quality”. Nev-
ertheless, it is certain that future theoretical improvements
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as suggested above are needed to bring our computed results
even closer to reality.
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