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Preface

This volume contains the Proceedings of the 6th International Workshop on
Compound-Nuclear Reactions and Related Topics (CNR*18), held at the Lawrence
Berkeley National Laboratory, in Berkeley, California, on September 24–28, 2018.

The CNR* series began in 2007 with a meeting near Yosemite National Park.
It has since been held in Bordeaux (2009), Prague (2011), Sao Paulo (2013), and
Tokyo (2015). The workshop series focuses on improving our understanding of
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vi Preface

reactions that involve compound nuclei. Even though the concept of the compound
nucleus dates back to the 1930s, interest in compound-nuclear reactions, which
exhibit a rich set of phenomena, remains strong. Statistical, semi-classical, and
quantum mechanical approaches are employed to describe the static properties of
the many-body systems and the dynamics of their collisions and decays. Traditional
stable-beam and state-of-the-art radioactive-beam experiments, innovative indirect
methods, and decay experiments are utilized to shed light on the reaction dynamics
and relevant structural properties. Compound-nuclear reactions play a crucial role
for applications in various areas, such as nuclear astrophysics, medicine, nuclear
energy, and national security. An overarching goal of the series is to establish a
comprehensive, quantitative picture of the processes involved in the formation and
decay of a compound nucleus, informed and tested by appropriate experiments, and
to formulate accurate predictions for the associated cross sections.

The CNR*18 workshop brought together experts in nuclear theory, experi-
ment, and data evaluation. A broad range of topics was discussed: A number
of presentations were dedicated to nuclear structure properties needed for the
description of compound-nuclear reactions, such as level densities and gamma-
ray strength functions. Other presentations addressed the reaction mechanisms
associated with the formation and decay of compound nuclei, including pre-
equilibrium processes, fluctuation effects, and possible deviations from standard
statistical descriptions. Widely used codes for the description of compound-nuclear
reactions were compared. Current efforts in improving optical models, R-matrix
descriptions, and ab initio reaction theory were presented. Recent progress in
developing indirect approaches for determining compound-nuclear cross sections,
including the surrogate reactions method and the Oslo method, was reviewed.
Theoretical approaches to fission, as well as experimental fission studies, were
covered. Several presentations focused on nuclear astrophysics and on isotope
production for medical applications. Overviews of existing and planned facilities
for experimental studies of compound-nuclear reactions were presented. These
Proceedings, edited by the CNR*18 organizing committee, contain summaries of
the individual contributions presented at the workshop.

CNR*18 was organized by Jutta Escher and Walid Younes (Lawrence Livermore
National Laboratory, LLNL), Yoram Alhassid (Yale University), Lee A. Bernstein
(Lawrence Berkeley National Laboratory, LBNL), David Brown (Brookhaven
National Laboratory, BNL), Carla Fröhlich (North Carolina State University), and
Patrick Talou (Los Alamos National Laboratory, LANL). We thank Tom Gallant
(LBNL) for his dedication and outstanding administrative assistance before, during,
and after the workshop. We acknowledge support for the organization of the
workshop and the publication of these Proceedings, provided by LLNL, LANL,
BNL, LBNL, and the Nuclear Science and Security Consortium (NSSC). We
would like to express our appreciation to the members of the international advisory
committee for valuable suggestions regarding the program and to the session chairs
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and panel members for providing a framework for inspiring discussions. We thank
the participants for their positive response to the workshop, their extensive work and
excellent presentations during the meeting, and their contributions to this volume.
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Part I
Modeling Compound-Nuclear Reactions



Towards More Predictive Nuclear
Reaction Modelling

S. Hilaire and S. Goriely

1 Introduction

Nuclear reaction models, beyond the fundamental quest for understanding processes
taking place when a nuclear reaction occurs, are necessary to produce nuclear
data for various applications. Depending on the targeted goal, the accuracy of the
predictions as well as the type of data predicted might be very different. For nuclear
reactors, for instance, the accuracy is clearly a key issue for specific nuclei and
specific types of data. At the other extreme, one finds nuclear astrophysics for which
the accuracy is less crucial than the ability of the model to produce data for all
possible interacting systems. Even for the most important nuclei, for which many
measurements have been performed, the need for better nuclear reaction models
is still relevant since one still have to deal with processes for which data are not
available or not precise enough. Within this context, nuclear reaction models have
to be as robust and predictive as possible. This is why during the last 40 years at
least, many nuclear reaction codes have been developed and used to answer the
question: “what happens when a projectile hits a target nucleus?”

It is clear that the answer to this question depends on the nature of the projectile,
on the target and on the projectile energy. In what follows, we restrict ourselves to
the case where light projectiles (gamma, neutron, protons . . . up to 4He) interact
with a target nucleus heavy enough (typically with a mass A > 10) with an incident
energy between 1 keV and 200 MeV, a framework enabling the implementations
of the so-called statistical models. Within this framework, several models come
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4 S. Hilaire and S. Goriely

into play. We will first describe in Sect. 2, general features observed when a
nuclear reaction occurs at energies below 200 MeV, features that have motivated
the introduction of several models that will be discussed in Sect. 3. In Sect. 4, we
will discuss current developments on specific ingredients required by the reaction
models as those related to fission, for instance. Finally, Sect. 5 will draw conclusions
and prospects.

2 General Features About Nuclear Reactions

For incident projectiles with energy between a few keV and 200 MeV impinging
on a target nucleus, the typical outgoing particle spectrum displays three main
domains as illustrated in Fig. 1. Two extreme regimes can be distinguished. For high
outgoing energies, and forward angles, discrete peaks are observed and dominate
the outgoing spectrum. Such processes correspond to fast interactions, also called
“direct interactions”, which take place in a timescale comparable to the time the
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Fig. 1 Outgoing proton spectrum for a 62 MeV incident proton on a 56Fe target. Colours are used
to distinguish the three regions corresponding to the direct reactions described by the optical model
(blue), the pre-equilibrium model (green) and the compound nucleus model (red)
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projectile takes to cross the nucleus. For low outgoing energies, a typical evaporation
spectrum is observed. In this case, it is usually assumed that the projectile has been
absorbed in the target with which it has shared all its energy to form a compound
system. This process, described by the so-called compound nucleus (CN) model,
assumes to the first order of approximation, that the formation and decay of the CN
are independent processes. This assumption explains that the emission spectrum
looks very similar whatever the angle of emission is: the compound nucleus has lost
memory of the way it has been created! This feature is characterized by angular
distribution of emitted particle symmetric around 90◦. Between these two extreme
situations, one finds, if the projectile energy is high enough, an intermediate process
whose frontiers are less well defined: the so-called pre-equilibrium process. This
last process has been historically less studied than the two others (mainly because
contrary to the two previous ones, it can be neglected for low incident energies) and,
therefore, the formalism which is employed to describe it is still subject to important
debates and still offers room for significant improvements. To these three types of
processes, correspond in practice three types of models which are linked together,
as illustrated in Fig. 2, in order to produce many different types of nuclear data: the
“optical model (OM)”, the “pre-equilibrium model (PE)” and the “CN model”. All
these models need to be implemented in a nuclear reaction code aiming at producing
useful information. As can be observed, the optical and pre-equilibrium models both
yield an output (elastic, fission or inelastic data) and also provide the CN model with
an input data (σReaction, Tlj or σNC).

Fig. 2 Sequence of nuclear models required to describe a nuclear reaction



6 S. Hilaire and S. Goriely

3 Nuclear Models for Nuclear Reactions

The three nuclear reaction models whose qualitative features have been discussed
above rely on various input data. The latter can either be directly measured or have
to be deduced from other models. Two types of approaches can be distinguished.
The first one, traditionally employed, is generally based on empirical expressions
which can be easily fine-tuned to reproduce data. The more recently developed ones
have benefited from the increase in computing power which enables today to provide
microscopic models able to compete with the traditional approaches.

3.1 Basic Nuclear Structure Information

The most fundamental data required for a nuclear reaction is the mass of the
various nuclei that can appear during a decay process. This knowledge is necessary
to determine reaction thresholds and to compute the kinematic relations enabling
laboratory to centre of mass frame transformations. Other quantities such as
nucleus levels’ excitation energies, spins and parities are also welcome and govern
features such as angular distribution or decay selection rules. Another feature also
interesting though not mandatory is the deformed or spherical nature of the target.
This information is particularly useful to adopt the proper treatment of the OM.
Experimental nuclear masses are available today for nearly 2500 nuclei [1]. This
set constitutes the reference data that nuclear mass models try to reproduce at best.
Many different mass models have been developed during the last decades and the
most advanced ones are able today to reach a root mean square (rms) deviation
from experiment close to 500 keV [2], a remarkable level of accuracy with respect
to the mass of a nucleus of the order of a GeV. Generally speaking, the more the
nuclear mass models are based on first principle physics, the higher the predictive
power should be. This has been recently demonstrated by analysing the predictive
power of various mass models adjusted on the 2003 atomic mass evaluation [3]
with respect to the update of 2012 [4] and 2016 [1]. One of the big advantages of
the microscopic models is that on top of the nuclear masses, they can also provide
spectroscopic data, as well as all detailed input which can be used in other models,
thus improving the coherence in an attempt to predict microscopically a nuclear
reaction.

3.2 The Optical Model

The OM is very important since it determines the reaction cross section that the PE
and CN models are then going to spread in the different outgoing open channels. It
also provides the direct elastic, total and inelastic cross sections as well as various



Towards More Predictive Nuclear Reaction Modelling 7

angular distributions. Historically, the OM has been first determined postulating
functional forms whose parameters have to be adjusted until a good agreement with
data is obtained. This type of approach is still currently used [5] in particular because
of its ability to allow very accurate description of experimental data (less than 1%
accuracy on total cross sections). However, it depends very much on experimental
data availability. An alternative to the pure phenomenological approach is the
microscopic approach. Such approaches enable to determine the OM without any a
priori knowledge of any related experimental data. Therefore, it enables predictions
even for nuclei far from the valley of stability. The disadvantage of such microscopic
approaches is of course a lower accuracy. One of the most employed one is the so-
called JLM approach [6] which is based on nuclear matter data obtained from mean
field or beyond mean field nuclear structure descriptions. Such structure methods
generally provide a nuclear structure description which is hoped to be precise
enough to guaranty that predictions far from the valley of stability should not be
too far from the reality.

The choice between phenomenology and microscopy is guided by the goal one
has in mind. Within the framework of nuclear data evaluation where accuracy is one
of the key issues, availability of experimental data will make it preferable to use
the first option because of its fitting power. For more fundamental research or when
there is a lack of data, the microscopic option is preferred.

3.3 The Pre-equilibrium Model

Once the OM has treated the various direct processes, the remaining cross section,
corresponding to all processes which have not been explicitly accounted for, is
“feeding” the second model of Fig. 2, the PE model. This reaction cross section
reflects the probability that the projectile be captured in the continuum of the
target to form a “composite” system. At this stage, the system still remembers the
way it was formed and is going to de-excite either by re-emitting a particle or
by distributing step by step the incident projectile energy between one or several
nucleons of the target. In the latter case, several particles and holes are going
to be created sequentially, holding on towards more complex configurations, to
reach, after sufficient time, a situation corresponding to the CN approximation,
where the projectile energy has been shared among all the constituents of the
composite system. At each step of this process, the probability to emit a particle
has to be accounted for. Again, one has the choice between more or less refined
models. The most employed one is the so-called exciton model, introduced in
the seventies, which has been successively improved to account for more and
more physical features either because the appearance of new experimental data
evidenced a lack of predictive power or simply because initially missing, though
important, features were introduced [7]. Quantum mechanical approaches have also
been developed but they are clearly more complex and less flexible and do not
provide results of better quality as those obtained with the exciton model. However,
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recent experimental measurements seem to show that such quantum mechanical
approaches are unavoidable if one aim at improving the predictive power [8].

3.4 The Compound Nucleus Model

Beyond the fact that optical and pre-equilibrium models contribute to the emission
of particles, they are also those which determine the initial conditions of the last
model of the chain of Fig. 2: the CN model. Starting from such initial conditions,
the CN model then uses the statistical hypothesis stating that the decay in a given
outgoing channel depends on the ratio of the probability to decay in this specific
channel with respect to all possible decay probabilities. This approximation, which
consists in considering that the decay of the CN does not keep track of the CN
formation (the Bohr hypothesis), is formally translated into the so-called Hauser–
Feshbach equation,

σab =
∑

J,π

σNCa (E∗, J, π) 〈�b (E∗, J, π)〉∑
c

〈�c (E∗, J, π)〉

In this equation, σ ab, corresponding to the cross section for the decay in
channel b (particle type, energy, outgoing angular momentum) from the compound
nucleus formed in the entrance channel a, is given by the product of the CN
formation cross section σ a

NC at a given energy, spin and parity (E*, J, π ) by the
probability to decay in channel b given all open channels c. The question, therefore,
consists in estimating all possible average decay widths �c. The Hauser–Feshbach
approximation enables to write, to the first-order approximation, that

〈�b (E∗, J, π)〉∑
c

〈�c (E∗, J, π)〉 =
〈
T Jπb (E∗)〉

∑
c

〈
T Jπc (E∗)〉 ,

where the transmission coefficients <Tc>, which will be further discussed in Sect. 4,
correspond to the decay probability in outgoing channel c (note that this expression
becomes much more complicated when spin and parity conservation rules are
explicitly written). Soon, it was realized that this first-order approximation had
to be corrected at low energy, or, more precisely when the number of competing
channel is relatively low. In such situations, indeed, interferences, either constructive
or destructive, occur between entrance and exit channels. These interferences are
accounted for introducing a width fluctuation correction factor, which, generally
enhances the elastic channel and accordingly decreases the other competing chan-
nels [9], but can also, in very particular situation, enhance the first inelastic channel
[10].
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4 Nuclear Reaction Model Ingredients

The models described in the previous section require specific ingredients depending
on the outgoing channel under consideration. To be more precise, the OM only
provides transmission coefficient for outgoing particle decay to a well-defined level
of the residual nucleus. However, it does not enable to deal with the particle decay in
the residual nucleus levels’ continuum, with photon emission, and does not provide
either any fission decay probability. These three situations require supplementary
particular approximations that we now discuss.

4.1 Particle Decay in the Continuum

When the projectile energy is large enough, the compound nucleus can decay by
emitting a particle in the residual levels’ continuum. This continuum has to be
accounted for because it is well known that beyond a given excitation energy it
is impossible to describe nuclear excited levels individually. In such cases, a nuclear
level density (NLD) has to be introduced and the transmission coefficients entering
the Hauser–Feshbach expression are given by the integral

〈
T Jπc (Ec)

〉
=
Ec+�∫

Ec−�
ρ (ε) T Jπc (Ec) dε

in which Ec is the excitation energy of the residual nucleus once a particle has
been emitted in a channel c, ρ(ε) the residual nucleus level density in which
we have omitted, for simplicity, the spin and parity labels which are implicitly
included in the definition of the channel c and � is the width of the excitation
energy bin into which the emission occurs. An extensive literature exists on nuclear
level densities, where both analytical and microscopic approaches are considered.
Analytical approaches, because of the free parameters they contain allow one to fit
both low energy levels and experimental s-wave mean spacings rather well [11].
Concerning the microscopic alternatives, one has to find a compromise between
accuracy and completeness. The most advanced approaches [12] are usually limited
to local mass regions, and, so far only few approaches have been used to provide
complete sets of data for all nuclei [13, 14]. The main advantage of the microscopic
approaches is that they usually go beyond the assumed statistical hypothesis used in
analytical expressions, a feature that can have a significant impact when comparing
theoretical and experimental cross sections [15].

As illustrated in Fig. 3, for instance, the combinatorial level density approach
predicts much more high spin levels than the statistical approach (right panel), and
such differences strongly modify the isomer production by photo-neutron reaction
on 181Ta (left panel).



10 S. Hilaire and S. Goriely

Fig. 3 (Left) 181Ta(γ,n) and 181Tam(γ,n) cross sections. (Right) Level density ratio for specific
spins. In the left panel, the use of the combinatorial level density predictions (full line) improves
the description of the isomer production with respect to the results obtained using the statistical
(dotted line). See Ref. [15] for more details

4.2 Photon Emission

Whatever the projectile energy, γ emission is always an open decay channel for
which the residual nucleus turns out to be the compound system with a lower
excitation energy, the difference being the energy of the emitted photon. To
determine a γ transmission coefficient, one assumes that photo-absorption and
photoemission cross sections associated with a given decay type X (X = E or M
for electric or magnetic transition) and a given multipolarity are related one with the
other, thanks to the same so-called photon strength function (PSF). Experimentally,
the PSF follows a Lorentzian shape, whose parameterization can be more or less
complicated [16]. A specific feature of the capture process is due to the fact that
the γ decay occurs from the continuum of the CN to a very large number of
levels, therefore requiring, the use of a NLD to be modelled, and, on top of that,
the PSF concerns low-energy photons in the tail of the Lorentzian which cannot
be constrained by photo data. One has then two sources of uncertainty which
are combined to produce a total γ-ray transmission coefficient. For this reason,
the theoretical γ-ray width is often quite different from the measured one, and
a renormalization factor is introduced in the PSF to improve the agreement with
either the measured γ-ray width or the experimental capture cross section data.
Microscopic alternatives have been developed [17, 18] and have shown significant
deviations from the Lorentzian shape as far as the PSF is concerned, in particular
for nuclei far from the valley of stability [17]. Quite recently, attempts to solve the
normalization problem have also been undertaken [19, 20]. The current situation
reached within the Gogny-QRPA framework is illustrated in Fig. 4. As can be
observed, the agreement with experimental radiative widths is much better with the
microscopic approach provided a phenomenological correction is used to describe
the de-excitation PSF at low γ-emission energies [20]. It is worth adding that on
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Fig. 4 Average radiative widths as function of the mass number. Comparison between theoretical
predictions and experiment. The (a) and (b) panels correspond to the traditional analytical
expression SLO and GLO [16], while panels (c) and (d) display the HFB-Gogny QRPA predictions
with two options for the low energy M1 phenomenological correction [20]

top of its ability to reproduce experimental radiative width, the HFB-Gogny QRPA
model has also been tested successfully with respect to other experimental data [21,
22].

4.3 Fission

Despite its fundamental role in nuclear applications as a source of energy, as well
as the fact that it has been discovered many decades ago and intensively studied
since, fission remains probably the least well-understood process in nuclear reaction
modelling. Qualitatively speaking, fission is modelled by a gradual transition of the
nucleus from an initial compact shape to such an elongated shape that the nucleus
breaks into fragments. This evolution is governed by a potential energy landscape
corresponding to nuclear shapes more or less probable depending on the excitation
energy required to reach them. This landscape exhibits features such as valleys and
peaks which help in understanding the major characteristics of the fission process,
and, in particular the fission fragments distributions observed experimentally. For
cross section calculation, one reduces the multidimensional landscape to an effective
one-dimensional (1D) approach. This 1D landscape suggests the concept of fission
barriers through which quantum tunnelling probabilities are computed to determine
fission transmission coefficients.
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Given an initial compound nucleus state, fission occurs by tunnelling through all
accessible fission barriers. Therefore, for a single barrier, the fission transmission
coefficient is given by

Tf (E, J, π) =
∑

d(J,π)

Thw (E − εd)+
E+Bn∫

Ec

ρ (ε, J, π) Thw (E − ε) dε

in which ε corresponds to the transition states’ energies. These transition states are
discrete up to a given arbitrary threshold Ec, and, as for the compound nucleus at
normal deformation, are then described by a NLD, ρ(ε, J, π ), beyond Ec.

The potential energy surface often displays several barriers and the fission trans-
mission coefficient used in the Hauser–Feshbach model takes more complicated
forms [23–25]. For multiple humped fission barriers, one also accounts for the fact
that there exist potential wells between the barriers in which quantum states can be
located, usually called class-II or class-III states depending upon whether they are
located between the first and second barrier or between the second and the third. If
these class-II/III states have a spin and parity corresponding to that of the compound
nucleus from which fission occurs, they induced a resonance effect in the fission
transmission coefficient for which more or less refined treatments are possible [23–
25].

When one uses traditional (i.e. based on analytical expressions) methods to
compute fission cross section, a large number of parameters have to be adjusted
to reproduce at best experimental data. One can adjust the fission barrier heights
and widths, the transition states and their corresponding NLD parameters as well
as the eventual class-II/III states. With increasing kinetic energy of the projectile,
several residual nuclei come into play. For a 10 MeV neutron incident on 238U, for
instance, both 239U (first-chance fission) and 238U (second-chance fission) fission
barrier parameters have to be simultaneously fine-tuned and the higher the incident
energy, the larger the number of fissioning nuclei. If this makes the fine-tuning more
complicated, it also provides a way to get more constraints than the single 238U
neutron-induced fission cross section, provided one wants to coherently model the
several fission chances.

To be more precise, the fact that the fourth chance of 238U fission is governed
by the fission barriers of 236U implies that the latter should also provide a good
description of the first chance of 235U since in both cases the nucleus which
undergoes fission is the same. Another constraint can also be obtained by noticing
that the fission barriers parameters enabling a proper description of photo-induced
fission on 238U should also provide a good second-chance fission of neutron-induced
fission of 238U. Therefore, a coherent modelling of fission means that the same set
of input parameters should provide simultaneously the various fission chances of the
various fissioning systems encountered within a given isotopic chain. An illustration
of the results obtained within such a modelling framework is given in Fig. 5. If the
price to pay by considering all these constraints is an important amount of work,
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the reward is a simultaneous description of a whole isotopic chain. In the case of
238U neutron-induced fission indeed, fitting experimental fission cross section data
up to 40 MeV requires to adjust the fission parameters for all Uranium isotopes
between 239U (first-chance fission) and 235U (fifth chance) as well as other fission
chances due to the opening of proton emission and 4He emission (see Fig. 5). Semi-
microscopic alternatives to such a modelling framework have been studied and have
shown promising results [26, 27]. Even though the accuracy reached is not at the
level required for practical applications, this is a direction to follow in particular if
one aims at studying fission for nuclei far from experimentally accessible regions.

Fig. 5 Illustrations of the coherent modelling of fission cross sections. (a) Neutron-induced fission
cross section on 238U. (b) Neutron-induced fission cross section on 237U. (c) Neutron-induced
fission cross section on 236U. (d) Neutron-induced fission cross section on 235U. In panel (a), the
vertical lines indicate for which incident neutron energy new fissioning nuclei have to be accounted
for (see text for more explanations). These fissioning systems are indicated in red as well as the
emission process they are involved in
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5 Conclusions

The modelling of a nuclear reaction is a complicated task, sometimes challenging.
Several models and nuclear ingredients have to be linked together to be able
to predict the outcome of a nuclear reaction. Although significant improvements
have been made during the last decades, there are still many challenges to face.
Pre-equilibrium and fission modelling are certainly among these. In the case of
pre-equilibrium, the main reason is that the flexibility of semi-classical approaches
makes it possible to obtain at small computational price results which satisfy the
quality required for applications. It is only recently that the need for better models
has become timely, in particular while studying “subtle” processes such as (n,xnγ)
transitions in actinides [8]. For fission, the problem is more complicated. The
models used are far too simple compared to the most fundamental approaches
which evidence a need to account for multidimensional energy landscapes. If future
developments consist, without any doubt, in adding more and more microscopic
approaches in the nuclear reaction models, this will be a very long-term project.
For now, such microscopic approaches can only provide guidelines for nuclear data
evaluations but offer the only alternative to empirical expressions whose predictive
power far from the valley of stability cannot be trusted given the number of
phenomenological parameters they rely on.
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Modeling Compound Nuclear Reactions
with EMPIRE

M. Herman, R. Capote, B. V. Carlson, M. Sin, and A. Trkov

1 Introduction

The description of low-energy nucleon-induced reactions in the continuum region
requires, at the very least, calculations of elastic scattering within the optical model
and of statistical emission of photons and light particles from the compound nucleus
formed from the fusion of the projectile and target. If actinide targets are to be
described, a reasonably sophisticated model of fission should also be included in the
statistical emission calculation. At very low energies, width fluctuation corrections
must be included, while at energies above about 10 MeV, pre-equilibrium effects
should be taken into account.

The EMPIRE code, [36] first released in 1980, calculated both elastic scattering
and the cross sections and spectra of statistical equilibrium and pre-equilibrium
decay processes. It was later extended to include width fluctuation corrections to
low-energy cross sections. A version for heavy-ion induced reactions was also
introduced.

In its second release, EMPIRE-2, the code was entirely rewritten using a modular
structure, as well as taking advantage of more relaxed memory limitations, to obtain
an increase in execution speed of about a factor of 20. The new code was projected
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to be general and flexible. Each module was designed to perform a well-defined task
and to communicate with other modules through a set of global COMMON blocks.
This assured access to all the resources throughout the code and facilitated the
addition of new features and mechanisms. The third release of the code, EMPIRE-3,
maintains and extends this structure.

The current version, EMPIRE-3.2, is named Malta, after Napoleon’s capture of
the island on the way to Egypt. Although a minor release, it features a number
of significant improvements such as: (1) prompt fission neutron spectra, including
automatic adjustment to experimental data, (2) anisotropic angular distributions
for compound elastic and inelastic excitations, (3) simulation of the Engelbrecht-
Weidenmüller transformation, and (4) new IO subroutines for the manipulation of
ENDF-6 formatted files.

2 Basic Objectives and Scope

The basic objectives of the EMPIRE code are:

• to provide the state-of-the-art modeling of nuclear reactions for basic science and
data evaluation;

• to ensure reasonably comprehensive coverage of incident particles, targets,
incident energies, and observables;

• To unify (1) reaction models, (2) model parameters, (3) nuclear structure data,
and (4) experimental results;

• to provide a full set of tools for evaluators to enable efficient production of high
quality nuclear data files;

• to be as general, flexible, and easy to use as possible.

The present scope of the code includes:

• A broad range of incident energies (up to 150 MeV) and projectiles (n, p, d, t,
3He, 4He, photons, and heavy ions);

• The low-energy range for neutron reactions covered by an interface to the Atlas
of Neutron Resonances [1];

• Default input parameters for targets of mass number A ≥ 20 [2];
• Direct, pre-equilibrium, and statistical model reaction mechanisms—with width

fluctuations and a full gamma cascade;
• Observables: cross sections, angular distributions, spectra (including prompt

fission neutron spectra), energy-angular distributions;
• Outgoing channels: multi-particle emission, γ -emission (including discrete

lines), discrete levels (including isomers), fission, several exclusive channels.

To a large extent, the present scope of the EMPIRE code permits it to fulfill its
objectives. However, it should also be clear that the objectives are an evolving target
that will never be completely met.


