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F1ssioN CrOSS SECTION EXPERIMENTS (LecTure)

Paul W. Lisowski
lisowski@lanl.gov

Los Alamos National Laboratory, Los Alamos, NM 87545, USA

The complexity of the fission process leads to a very large number of observables that must
be measured in order to improve our understanding of the underlying physics and to con-
tribute to nuclear data needed in a wide array of applied programs. Measurements range from
relatively straight-forward neutron cross sections to neutron and gamma ray multiplicities,
fission fragment yield curves and beyond. This lecture will focus on fission cross section and
fission cross section ratio experiments beginning with a historical perspective showing how
such measurements have evolved from the first work to the present. It will briefly review ex-
perimental facilities and describe techniques illustrated by typical results. Some less-common
methods of determining fission cross section data will be presented. The lecture will conclude
with an overview of the state-of-the-art experimental facility that will be visited at LANSCE

- the fission cross section Time Projection Chamber.

Dr. Lisowski is a Guest Scientist in the Associate Directorate for Experimental
Physical Sciences at Los Alamos. He received his PhD from Duke University and
joined the Los Alamos laboratory as a Staff Member in 1977. His career at Los Alamos
involved research in areas ranging from neutron-induced fission to neutron diagnostic
measurements on underground nuclear explosions to searches for parity violation. After
retiring from Los Alamos as the LANSCE Director, Dr. Lisowski joined the DOE
Office of Nuclear Energy as Deputy Assistant Secretary for Fuel Cycle Management

where he was responsible for research and development of used nuclear fuel recycling

technologies, fast reactor design, and advanced reactor fuel design and testing.




THEORY AND MODELING OF NUCLEAR FISSION CROSS SECTIONS (LECTURE)

Walid Younes
younes1@llnl.gov

Lawrence Livermore National Laboratory, Livermore, USA

Nuclear fission cross sections are of crucial importance to nuclear astrophysics, nuclear en-
gineering, and National security applications. The first theory of fission cross sections was
adapted from quantum chemistry to the fission process in 1939 by Niels Bohr and John
Wheeler. Modern versions of the “transition-state theory” introduced by Bohr and Wheeler
have become the de facto standard used in virtually all reaction codes such as TALYS,
EMPIRE, GNASH, STAPRE, etc. In these lectures I will review reaction theory covering
the descriptions of scattering, resonances, and compound-nucleus formation, leading up to
transition-state theory and its application to fission cross sections. I will also discuss research
directions in obtaining fission cross sections from more microscopic approaches based on pro-

tons, neutrons, and their effective interactions.

Dr. Walid Younes is a staff scientist in the nuclear theory and modeling group at the
Lawrence Livermore National Laboratory. He received his PhD from Rutgers
University in 1996 and joined the LLNL nuclear experiment group soon after,

performing vy-ray spectroscopy and cross-section measurements with actinides using the
GEANIE spectrometer at LANSCE/WNR. From 2002 to 2005, he developed a
program with Dr. H. C. Britt to extract fission cross sections using the surrogate
reaction method, which closely combines modeling with experimental data. In 2006,
Dr. Younes began developing a microscopic description of the fission process with Dr.

D. Gogny. He is currently writing a research book on the microscopic theory of fission,

and a graduate textbook on fission.
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FissioN Cross SECTION WITH A TIME PROJECTION CHAMBER

(PRACTICAL SESSION)

Fredrik Tovesson?, Kyle Schmitt!
tovesson@lanl.gov, ktschmitt@lanl.gov
! Los Alamos National Laboratory

2 Department of Energy, Washington D.C., USA

Analysis of experimental data from a fission cross section measurement. We will use data
collected in an experiment at LANSCE to go over some of the steps needed to determine
fission cross sections. The analysis will include neutron time-of-flight calibration, and cor-

rections for background events.

Fredrik Tovesson is a scientist and deputy group leader in the LANSCE Weapons
Physics group at Los Alamos National Laboratory. Fredrik received a PhD in nuclear
physics from Orebro University in 2003, and joined LANL as a postdoctoral researcher
in 2004. His research focuses on nuclear fission, and he works on several projects
related to fission cross sections and yields. He is currently involved with high precision

fission cross section measurements with the NIFFTE Time Projection Chamber (TPC)

and fission yield measurements with the SPIDER fragment spectrometer.

Kyle received is PhD in Nuclear Physics from the University of Tennessee in 2011. He
joined the Laboratory as a postdoctoral associate in 2016 after serving as a Detector
Physicist at ORTEC and as a postdoctoral associate at Oak Ridge National

Laboratory and the University of Tennessee.




THE NEUTRON INDUCED FISSION FRAGMENT TRACKING EXPERIMENT:
HIGH-PRECISION FI1SSION CROSS SECTION MEASUREMENTS WITH A TIME
ProJECTION CHAMBER

Nathaniel Bowden
nbowden@llnl.gov

Lawrence Livermore National Laboratory

The goal of the Neutron Induced Fission Fragment Tracking Experiment (NIFFTE) is to
measure fission cross sections with very high precision. The NIFFTE Collaboration has
designed and built a Time Projection Chamber (TPC) for this purpose. The tracking ca-
pabilities of this device allow for the full reconstruction of charged particles produced by
neutron beam induced fissions from a thin central target. The wealth of information gained
from this approach will allow cross section systematics studied in detail, particularly those
relating to fission fragment detection efficiency, particle identification and target and beam
spatial uniformity. For example, the wealth of data captured for every fission event allows
us to build and validate a detailed Monte Carlo efficiency model that must include effects
such as anisotropy, fission fragment energy degradation, and target thickness, composition,
and roughness. Here we present the current status of the NIFFTE TPC, describe the wide
variety of systematic studies being performed, and outline recent results from measurements

performed at the Los Alamos Neutron Science Center (LANSCE) facility.




NEUTRON-INDUCED FI1SSION MEASUREMENTS AT THE CERN N_TOF Fa-
CILITY

Andrea Tsinganis
Andrea.Tsinganis@cern.ch

the n_ TOF Collaboration, CERN

Along with the study of radiative neutron capture reactions, measurements of neutron-
induced fission cross-sections relevant for nuclear technology have been one of the two major
components of the scientific programme at the CERN n_TOF (neutron Time-Of-Flight) fa-
cility since the commissioning of its 185m flight-path in 2001. Taking advantage of the high
instantaneous neutron flux and high energy resolution, measurements have been performed
on several long-lived major and minor actinides, from 2**Th to 2*>Cm. The recent commis-
sioning of a second experimental area at the end of an 18m flight-path has expanded the
measurement capabilities to even more rare or short-lived isotopes. A description of the fa-
cility and of the detection systems used for fission measurements is given along with a review

of past results and future measurement plans.




NEUTRON CROSS SECTION EVALUATION OF 23U

Hyeong Il Kim, Young-Ouk Lee
hikim@kaeri.re.kr

Nuclear Data Center, Korea Atomic Energy Research Institute, Korea

The evaluations of neutron-induced reaction cross sections for 238U are presented in neutron
energy region from unresolved resonance region to 20 MeV. The model calculations have been
performed by using the up-to-date nuclear reaction code, EMPIRE-3.2 which is a modular
system of nuclear reaction codes. The coupled-channel optical models were parameterized
in order to reproduce the available measurements such as cross sections of elastic angular
distributions as well as total and elastic cross sections. DWBA was employed to improve the
inelastic cross sections and its dynamic deformation values are parameterized to reproduce
the measurements of neutron spectra as well as inelastic cross sections. The prompt nu-bar
was produced through a least square fit and the prompt fission spectra calculated by the

PFNS module using Los Alamos model implemented in EMPIRE.

The evaluated file was processed to data with point-wised cross sections by the NJOY code
and tested to the criticalities for reactors recommended by International Criticality Safety
Benchmark Evaluation Project (ICSBEP).




MEASUREMENT OF THE %4U(n, f) ar CERN N_TOF

Esther Leal-Cidoncha!, I. Duran?, C. Paradela, D. Tarrio®, L. Tassan-Got*, L-S. Leong?,
L. Audouin?, G. Noguere!, and the n_.TOF Collaboration

estherlealc@gmail.com

LCEA Cadarache, France

2Departamento de Fisica de Particulas, Universidade de Santiago de Compostela, Santiago de Compostela,
Spain

3EC-JRC-IRMM, Geel, Belgium

4Centre National de la Recherche Scientifique/IN2P3 - IPN, Orsay, France

®Department of Physics and Astronomy, Uppsala University, Uppsala, Sweden

The #*U(n,f) fission fragment angular distribution (FFAD) and cross section have been
experimentally measured in the n_ TOF facility at CERN using Parallel Plate Avalanche
Counter (PPAC) detectors. This facility is characterized by a continuous neutron beam from
thermal to GeV, produced by 20 GeV proton-induced spallation reactions in a lead target,
with an energy resolution of AE/E = 5.3 1072 for neutrons of 1 MeV due to the 185 m

distance between the spallation target and the experimental area (EAR-1).

The FFAD results obtained in the full angular range (from 0° to 90°) up to 300 MeV are
presented in this work. This is the first experimental measurement provided above 15 MeV,
allowing to resolve the third-chance fission, and also the only experimental measurement
provided in the full energy range from 100 keV to 300 MeV. The FFAD is anisotropic above
100 keV, and has to be precisely measured to correct the detection efficiency in the setups
where it depends on the emission angle of the FF, for this reason, the detection efficiency

has been corrected in this work using FFAD experimental results.

Current evaluations of the 234U(n,f) fission cross section are mostly based on the experimental
data measured by James et al. [1], and JENDL-4.0 also includes the experimental data

measured by Heyse et al. [2] of the first resonance. The #3*U(n,f) fission cross section has

-9-



been measured in this work from eV up to 1 GeV using the 23U(n,f) reaction as refer-
ence. Higher resolution cross sections than the experimental data used in the evaluations
are provided in the Resonance Region (RR), confirming the existence of two resonances in
the Resolved Resonance Region (RRR) which are not evaluated in some libraries and, in
addition some Class-II resonances are observed in the URR, where the evaluations provide
an averaged value of the cross sections. In the threshold region, some resonant-like structures
were observed in the work of James et al., which existence was confirmed by the experimental
data measured by Paradela et al. [3] although the resolution was insufficient to resolve them,
these structures, which were claimed to correspond to .-vibrational levels in the second well
of the fission barrier, are resolved in fine detail by the present cross section data. In the
fast energy region, where large anisotropies are found in the fission-chance thresholds, some
discrepancies have been observed between the experimental data provided in EXFOR [4].
The present results have been obtained in this region using an accurate calculation of the

detection efficiency including the experimental results of the FFAD.

In order to provide a theoretical description of the cross sections in the RR, the experimental
results have been analyzed using the code CONRAD, the preliminary results are presented

in this work.

[1] G. D. James et al., Phys. Rev. C, 15, 2083 (1977).
[2] J. Heyse et al., Nucl. Sci. Eng., 156, 211 (2007).

[3] C. Paradela et al., Phys. Rev. C, 82, 034601 (2010).

[4] EXFOR (Experimental Nuclear Reaction Data). http//www-nds.iaea.org/exfor /exfor.htm.
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INVESTIGATION OF THE SURROGATE REACTION METHOD VIA SIMULTANE-

OUS MEASUREMENT OF FISSION- AND GAMMA-EMISSION PROBABILITIES
240

OF “*'Pu

Ricardo Pérez!, B. Jurado!, D. Denis-Petit!, L. Mathieu!, I. Tsekhanovich!, M. Aiche!,
S. Czajkowski', V. Méot?, O. Roig?, P. Marini?, L. Audouin®, D. Ramos®, A. Goergen*, S.
Siem?, F. Zeiser*, G. Kessedjian®, K. Nishio®

perezQcenbg.in2p3.{r

LCENBG, Bordeaux, France
2CEA-DAM, Arpajon, France
3IPN-Orsay, France
4University of Oslo, Norway
SLPSC, Grenoble, France
6JAEA, Tokai, Japan

The surrogate-reaction method is an indirect way of determining cross sections for reactions
that proceed through a compound nucleus. This method was first proposed by J. D. Cramer
and H. C. Britt in the seventies to infer neutron-induced cross sections. It consists in using an
alternative (or surrogate) reaction to produce the same decaying nucleus as the one formed
in the desired neutron-induced reaction. The decay probability induced by the surrogate
reaction is measured and the desired neutron-induced reaction is obtained by multiplying
the decay probability by the calculated neutron-induced compound-nucleus cross section.
The benefit of the surrogate method is that in some cases the target needed is stable or
less radioactive than the target of the corresponding neutron-induced reaction. Therefore,
the surrogate-reaction method may enable neutron-induced cross sections to be extracted
for nuclear reactions on short-lived nuclei that otherwise cannot be measured. However, one
has to consider the spin-parity differences between the neutron-induced and the surrogate
reactions. Indeed, at low excitation energies the decay probability may strongly depend on
the spin and parity of the compound nucleus. Therefore, we may find differences between

the cross sections obtained with the two types of reactions.
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In previous experiments, fission and gamma-emission probabilities, obtained with surrogate-
reactions, were compared to the corresponding neutron-induced reaction ones. A strong
discrepancy was seen between the gamma-emission probabilities, but this was not the case
for fission. This difference of sensitivity in each case to what was the compound nucleus
formation mechanism has not been fully understood. For this reason the CENBG group,
in collaboration with the CEA-DAM, started a few years ago a campaign of experiments in
which fission and gamma-emission probabilities are measured simultaneously. In April 2017
the group performed an experiment to investigate the 24°Pu(“He,*He’) reaction as surrogate
for 22°Pu+4n. The 24°Pu is of special interest because as an even-even nucleus it is expected
to be more sensitive to the spin and parity effects on the fission probability. Therefore the
results of this experiment will help to improve our understanding on the surrogate reaction

method.

In this contribution we will describe the experimental technique, the data analysis and the

first results of this measurement.

- 12 -



THE NELBE NEUTRON TIME-OF-FLIGHT FACILITY

Roland Beyer, M. Dietz, A. R. Junghans, T. Kogler, R. Schwengner, S. Urlaf3
roland.beyer@hzdr.de

Helmholtz-Zentrum Dresden-Rossendorf, Germany

The nELBE neutron time-of-flight facility provides neutrons in the energy range from about
10 keV up to 10 MeV with an intensity of about 10* n/s/cm? The combination of the
superconducting electron accelerator ELBE and a compact liquid lead neutron production
target delivers neutron bunches within a time spread of a few picoseconds and a repetition
rate of 100 to 400 kHz (cw) enabling high resolution time-of-flight measurement even with

flight paths of only 5 to 11 meters.

At nELBE different types of fast neutron induced nuclear reactions can be and have been
investigated, ranging from total neutron cross section measurement over elastic and inelastic

scattering to neutron induced fission.

E.g. the neutron induced fission cross section of 2#2Pu has been measured in the range from
0.5 to 10 MeV relative to #*U(n,f) using two fission ionization chambers. A statistical un-

certainty down to 1.1% and systematic uncertainty of about 2.7% was reached.

13 -



THEORY INVESTIGATIONS OF FISSION FRAGMENT YIELDS (LECTURE)

Nicolas Schunck
schunck1@lInl.gov

Lawrence Livermore National Laboratory

Fission product yields (FPY) quantify the probability of observing any given pair of fragments
after a fission event. Together with the characteristics of the fission fragments themselves,
they are essential inputs to simulations of the fission spectrum. From a theoretical perspec-
tive, fission product yields can be computed by simulating the time evolution of the fissioning
nucleus from a compact shape to a configuration with two separated fragments. This is often
done by assuming that fission is a slow process compared to intrinsic excitations of the nu-
cleus. The consequence of this hypothesis of adiabaticity is that the dynamics of fission can
be decoupled from the calculation of the static deformation properties of the fissioning nu-
cleus. Different models are used to describe either the static properties or the time evolution
itself. This lecture will present the two most commonly used combinations: the macroscopic-
microscopic approach to nuclear structure coupled with stochastic Langevin dynamics and
the nuclear density functional theory coupled with the time-dependent generator coordinate
method. I will explain how FPY can be extracted from these theories. Overall the predictive
power of the adiabatic theory remains of the order of 20-30% on prompt FPY. More recently,
several groups have reported the first realistic, non-adiabatic real-time simulations of single
fission events. While not yet applicable to calculations of FPY, these approaches are promis-
ing since they would include dissipation effects and give a more accurate representation of
the scission mechanism, and I will briefly introduce them.

Dr. Nicolas Schunck is a staff scientist in the nuclear data and theory group at
Lawrence Livermore National Laboratory. Nicolas received his PhD in nuclear theory
in 2001 from the University of Strasbourg, France. He then went on to do postdocs at

the University of Surrey (UK), Universidad Autonoma de Madrid (Spain) and the
University of Tennessee. He has been working at LLNL since 2010 on the development,
computational implementation and applications of nuclear density functional theory
(DFT) methods, especially in the context of fission theory. Nicolas is currently the lead
developer of the two DFT solvers HFBTHO and HFODD that are widely used to
model properties of atomic nuclei both for basic nuclear science or astrophysical
simulations. He is also strongly involved in several large collaborations of nuclear
theorists: he coordinates DFT work in the NUCLEI collaboration funded by the
SciDAC program of the US Department of Energy, and he leads the FIRE topical

14 - collaboration in nuclear theory.




EXPERIMENTAL DESCRIPTION OF FISSION FRAGMENT YIELDS (LEcTURE)

Fanny Farget
fanny.farget@admin.in2p3.fr
CNRS, GANIL, Bd H. Becquerel, 14076 Caen, France

Fission fragment yields are an important observable of the process, as they are the result
of a multi-dimensional elongation of the nucleus. They are also the witnesses of structural
effects (shells, pairing) on a macroscopic process. Their theoretical description is therefore
a challenge, as a good reproduction of the yields is witness for a good understanding and
prediction of the different nuclear states that lay in between the formation of the compound
nucleus and the scission point, as well as the dynamics at which they are reached. However,
if theoretical description of fission fragment yields is able to reproduce the gross properties
of fission yields, fine predictions remain much too often difficult to match the observations.
Beyond the computational and theoretical difficulties, this frustrating situation is caused by
the difficulties to extract complete information on the scission point, the fragment-separation
point, as well as on the exact sharing on protons and neutrons. Because of this inexactness,
theoretical assumptions have difficulties to get validated and improved, despite 70 years of
intense research on the topic. In this lecture, we will describe the principle of the fission-
fragment yields detection, the main results that have been and are currently achieved. The
experimental limitations to reach scission description and isotopic ratio of the fragments will
be developed in terms of detection resolution and atomic-charge exchanges in the energy-loss
process of fragments. The lecture will conclude on the opportunities brought about by fission
studied at accelerator facilities.

I am a nuclear physicist, working in the field of nuclear reactions. I started with the
population of high-spin states in fusion reactions, then moving to higher energy, I
studied spallation reactions using inverse kinematics for the measurement of isotopic
distribution of spallation residues. I have been fascinated by fission for more than one
decade. In particular on the effect of pairing in fission yields and the fission yields
themselves. T am working in GANIL, France, where I develop my experimental
programme dedicated to the measurement of fission fragments using inverse kinematics

at Coulomb energies. I believe that the new techniques brought about by accelerators

and new spectrometer technologies will strengthen significantly the understanding of

nuclear fission.
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CUMULATIVE FI1SSION PRODUCT YIELDS FOR 2*°U (pracricar session)

Matthew Gooden, Gencho Rusev

m_gooden@lanl.gov, rusev@lanl.gov

Los Alamos National Laboratory

Measuring Cumulative Fission Product Yields by Activation with Quasi-Monoenergetic Neu-
trons and Whole Target Gamma-Ray Counting. We will look at recent experimental fission
product yield data and use it to determine several cumulative fission product yields. We will
be analyzing gamma-ray spectra, making a normalization for the flux and considering several

pitfalls that can occur in the analysis.

Matthew Gooden received his doctorate in Nuclear Physics from North Carolina State
University in 2014 and is currently a postdoctoral research associate at LANL. His
doctoral work at TUNL involved measuring cumulative fission product yields using

monoenergetic neutrons. He continues to make energy dependence measurements of
fission product yields, as well as, using nuclear techniques to the diagnosis of inertial
confinement fusion implosions at the National Ignition Facility at Lawrence Livermore

National Laboratory.

Gencho Rusev is a staff scientist in the Nuclear and Radiochemistry group at Los Alamos
National Laboratory. After completing his PhD at Technical University Dresden,
Germany, he joined Triangle Universities Nuclear Laboratory as a postdoctoral research
associate in 2007. He then came to LANL as a postdoc in 2011. He worked in the area of
nuclear structure and statistical gamma-ray properties using heavy-ion, photon- and

neutron-induced reactions. Gencho’s current research focuses on neutron capture and

neutron-induced fission studies with the detector array DANCE.

- 18 -



NUCLEAR F1SSION IN A REAL-TIME DENSITY FUNCTIONAL THEORY AP-
PROACH

Aurel Bulgac
bulgac@Quw.edu
University of Washington, Seattle, USA

Two major recent developments in theory and computational resources created the favorable
conditions for achieving a microscopic description of nuclear fission almost eighty years after
its discovery in 1939 by Hahn and Strassmann. The first major development was in theory,
the extension of the Time-Dependent Density Functional Theory (TDDFT) to superfluid
fermion systems. The second development was in computing, the emergence of powerful
enough supercomputers capable of solving the complex systems of equations describing the
time evolution in three dimensions without any restrictions of hundreds of strongly inter-
acting nucleons. Even though the available nuclear energy density functionals (NEDFs) are
phenomenological still, their accuracy is improving steadily and the prospects of being able
to perform calculations of the nuclear fission dynamics and to predict many properties of the
fission fragments, otherwise not possible to extract from experiments, are within reach, all
without making recourse anymore to uncontrollable assumptions and simplified phenomeno-

logical models.

-19 -



DYNAMICAL MICROSCOPIC AND MACRO-MICRO APPROACHES TO NU-
CLEAR FISSION

Satoshi Chiba!, C. Ishizuka, M.D. Usang, T. Yoshida, A. Etori, T. Nishikawa, T. Kawano,
F.A. Ivanyuk and J.A. Maruhn

chiba.satoshi@nr.titech.ac.jp

1Tokyo Institute of Technology, Tokyo, Japan

Nuclear fission is a unique large-scale collective motion of nuclei which gives rise to a transition
from a single to two (or rarely three) nuclear clusters. It is unique indeed in many facets:
1) it is important both in fundamental and application fields, 2) many different observables
come out, which must be understood or explained in a consistent manner, such as isotopic
and total kinetic energy distributions of fission fragments, emission of prompt neutrons and
photons, then weak-decay of the resultant neutron-rich nuclei follows which will emit delayed
neutrons, electrons, antineutrinos and photons, 3) quantal effects such as shell and pairing
effects, which are tiny addition to the huge macroscopic energy in terms of a macro-micro
view, dominate the fission process in many important nuclei such as U and Pu, 4) reactor
antineutrino anomaly is offering a challenge to the standard model, 5) it is important to
understand the origin of medium to heavy nuclei in astrophysical nucleosynthesis (NS-NS
merger scenario), and so forth. In spite of a long history of research, however, understanding
of the fission mechanisms, especially the part from the compound nucleus to scission point
is still very poor. It is poor also in terms of the fact that predictions of the nuclear theory is

not accurate enough to be used in application fields.

We have been doing a comprehensive approach to understand and describe the whole process
of nuclear fission, where we use a dynamical macro-micro model (Langevin) as well as micro-
scopic theories such as AMD and TDHF, and phenomenological statistical decay models. We

wish to present and discuss problems we are facing with, our recent progress and ways to go.
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DyYNAMICAL F1SSION MODEL

Arnie Sierk
t2ajs@lanl.gov

Los Alamos National Laboratory

Finally, 79 years after the experiments which uncovered nuclear fission were performed, a
physical model has been developed which can make qualitatively and quantitatively accurate
predictions about fission-fragment mass and energy distributions. This effort builds upon
the revolutionary developments in the macroscopic-microscopic model for nuclear structure
and binding energy developed by Nix, Nilsson, and Moller since 1970. I will outline the
physical ingredients and the assumptions underlying this model and show some results for
selected actinide isotopes, with comparisons to data. I will address possible routes to further

improvements in accuracy and predictive power.
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F1ssioN DYNAMICS WITH MICROSCOPIC LEVEL DENSITIES

Jorgen Randrup', D. Ward?, G. Carlsson?, Th. Dgssing®, P. Moller?, S. Aberg?
JRandrup@LBL.gov

!Nuclear Science Division, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA
2Mathematical Physics, Lund University, S-221 00 Lund, Sweden

3Niels Bohr Institute, DK-2100 Copenhagen @, Denmark

4Theoretical Division, Los Alamos National Laboratory, Los Alamos, NM 87545, USA

The energy dependence of fission fragment yields is of great current interest. We have devel-
oped a general theoretical framework for addressing this issue within the Brownian treatment
of nuclear shape dynamics. Taking advantage of a recent method for calculating the nuclear
many-body level density on the basis of the single particle levels in the deformed mean
field, we have calculated the shape-dependent nuclear level density for a number of nuclei
of particular interest (each one requires more than five million shapes) and then used these
to guide the Brownian motion of the nuclear shape as it negotiates the multi-dimensional
potential-energy surface from the compact shape of the initial compound nucleus towards

scission.

This method has no new parameters as it employs the same levels that were used to calcu-
late the microscopic terms in the potential energy surface and it automatically accounts for
the gradual disappearence of pairing and shell effects as the energy is raised. An appealing
aspect of this new approach is the combination of microscopic structure properties with the
classical shape dynamics. One particularly interesting finding is that the evolution of the
fragment mass distribution need not be monotonic with energy: For example, we find that
the symmetric yield exhibits a local minimum as a function of excitation and we trace this
counter-intuitive behavior to the effect of the pairing correlations in shapes near the second
barrier (where the shell effects are small); this is consistent with recent experimental data by

Tonchev et al.
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FRAGMENT DISTRIBUTIONS OF TRANSFER- AND FUSION-INDUCED FIs-
SION IN INVERSE KINEMATICS. THE IMPACT OF THE EXCITATION ENERGY

Diego Ramos Doval!, Manuel Caamano?, Fanny Farget®, Carme Rodriguez-Tajes®

ramosdoval@ipno.in2p3.fr

TPN Orsay, CNRS-IN2P3-Université Paris-Saclay
2Univeristy of Santiago de Compostela, E-15706 Santiago de Compostela, Spain
3GANIL, CEA/DSM-CNRS/IN2P3, BP 55027, F-14076 Caen Cedex 5, France

Transfer- and fusion-induced fission in inverse kinematics was proven to be a powerful tool to
investigate nuclear fission, widening the information of the fission fragments and the access
to unstable fissioning systems. An experimental campaign for fission investigation has being
carried out at GANIL with this technique since 2008. In these experiments, a beam of 238U,
accelerated to 6.1 MeV /u, impinges on a '>C target. Fissioning systems from U to Cf are
populated through transfer and fusion reactions, with excitation energies that range from
few MeV up to 46 MeV. The use of inverse kinematics, a silicon telescope, and the VAMOS
spectrometer permitted the characterization of the fissioning system in terms of mass, nuclear
charge, and excitation energy, and the isotopic identification of the full fragment distribu-
tion. The neutron excess, the total neutron multiplicity, and the even-odd staggering in the
nuclear charge of fission fragments are presented as a function of the excitation energy of
the fissioning system. Structure effects are observed at Z~50 and Z~55, where their impact

evolves with the excitation energy.
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IsoToPIC DISTRIBUTION OF FISSION FRAGMENTS USING MULTI-NUCLEON
TRANSFER REACTIONS IN INVERSE KINEMATICS

Fanny Farget!, M. Caamaiio?, D. Ramos?, C. Rodrguez-Tajes'?, K.-H. Schmidt!, L. Audouin?®,
J. Benlliure?, E. Casarejos?, E. Clément!, D. Cortina?, O. Delaune!, X. Derkx!, A. Dijon!,
D. Doré®, B. Fernandez-Dominguez?, L. Gaudefroy®, C. Golabek!, A. Heinz", B. Jurado®, A.

Lemasson!, C. Paradela?, T. Roger!, M.D. Salsac®, and C. Schmitt!
fanny.farget@admin.in2p3.fr

LCNRS, GANIL, Bd H. Becquerel, 14076 Caen, France

2University of Santiago de Compostela, E-15782, Santiago de Compostela, Spain
3CNRS, IPN Orsay, F-91406 Orsay, France

4University of Vigo, E-36310 Vigo, Spain

SCEA/DSM/Irfu/SPhN, Saclay, France

SCEA, DAM, DIF, F-91297 Arpajon, France

"Chalmers University of Technology, 41296 Gothenburg, Sweden

8CNRS, CENBG, F-33175 Gradignan, France

Inverse kinematics is a new tool to study nuclear fission. Its main advantage is the possibility
to measure with an unmatched resolution the atomic number of fission fragments, leading
to new observables in the properties of fission-fragment distributions. In addition to the
resolution improvement, the study of fission based on nuclear collisions in inverse kinematics
benefits from a larger view with respect to the neutron-induced fission, as in a single exper-
iment the number of fissioning systems and the excitation energy range are widen. With
the use of spectrometers, mass and kinetic-energy distributions may now be investigated as
a function of the proton and neutron number sharing. The production of fissioning nuclei
in transfer reactions allows studying the isotopic yields of fission fragments as a function
of the excitation energy. With the access to kinematics properties, the charge polarization
of fragments at scission is now revealed with high precision, and it is shown that it cannot
be neglected, even at higher excitation energies. Results on fissioning systems 23U, 23Np,
240py, 244Cm, obtained in transfer reactions are presented, together with the fusion reaction
leading to the compound nucleus 2°°Cf at an excitation energy of 45 MeV.
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F1SSION-FRAGMENT STUDIES USING v-RAY SPECTROSCOPY

Nikolaos Fotiadis

fotia@lanl.gov
Los Alamos National Laboratory, Los Alamos, USA

Identifying fission fragments using detection of the discrete v rays they emit during de-
excitation is a powerful tool in the study of the nuclear structure of neutron-rich nuclei
and nuclei near the stability line. There is a long history of such studies, especially for
nuclei that cannot be studied as evaporation residues in heavy-ion fusion reactions because
they cannot be populated with stable beam-target combinations in such reactions. Usually,
neutron-rich nuclei are studied by prompt ~-ray spectroscopy of fragments from spontaneous
fission sources or light-ion or neutron-induced fission of actinide targets using modern v-ray
detector arrays. The population of nuclei near stability is, generally, stronger in fusion-fission
reactions forming much heavier compound nuclei. Several recent results will be presented to

illustrate the power of such studies.
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SHORT LIVED FISSION PRODUCT YIELD MEASUREMENTS IN 2°U, 233U
AND PPy

Jack Silano
silano1@llnl.gov

Lawrence Livermore National Laboratory

Yields of short lived fission products (FPYs) with half lives of a few minutes to an hour
contain a wealth of information about the fission process. Knowledge of short lived FPYs
would contribute to existing data on longer lived FPY mass and charge distributions. Of
particular interest are the relative yields between the ground states and isomeric states of
FPYs since these isomeric ratios can be used to determine the angular momentum of the
fragments. Over the past five years, a LLNL-TUNL-LANL collaboration has made precision
measurements of FPYs from quasi-monoenergetic neutron induced fission of 23U, 28U and
239Pu [1]. These efforts focused on longer lived FPYs, using a well characterized dual fission
chamber and several days of neutron beam exposure. For the first time, this established
technique will be applied to measuring short lived FPYs, with half lives of minutes to less
than an hour. A feasibility study will be performed using irradiation times of < 1 hour,
improving the sensitivity to short lived FPYs by limiting the buildup of long lived isotopes.
Results from this exploratory study will be presented, and the implications for isomeric ratio

measurements will be discussed.

[1] M. Gooden et al. Nucl. Data Sheets. 131, 319 (2016).
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THEORY OF NEUTRON AND v EMISSION IN FISSION (Lecture)

Olivier Serot
olivier.serot@cea.fr

CEA Cadarache, France

By following the time dependence of neutron emission during the fission process, three differ-
ent types of neutron emission can be considered: the ‘pre-fission neutrons’ which are emitted
prior to the fission in multiple-chance fission, the ‘scission neutrons’ (their existence is still
controverted into the physicist community) which could be emitted when the neck rupture
of the fissioning nucleus occurs (scission point) and lastly the ‘prompt neutrons’ which corre-
spond to neutrons evaporated by the excited fission fragments. For each type of emission, the
mechanism will be described. Since ‘prompt neutrons’ constitute by far the main source of
the neutron emission, several approaches used for describing their energy spectra and multi-
plicities will be detailed as well as their correlations with the fission fragment characteristics
(mass, kinetic energy, ...). During the de-excitation process of the fission fragments, prompt
gammas can also be emitted (sometimes in competition with prompt neutrons). Their main
properties (energy spectra, multiplicities and angular distributions) will be also discussed.
Following the prompt particle emission, fission products are in general unstable and undergo
beta-decay. For some of them (called precursors), neutrons and gammas are accompanying
the beta-decay process and are referred as ‘delayed neutrons’ and ‘delayed gammas’. Due to
the importance of these delayed particles for nuclear energy applications, their characteristics
will be briefly mentioned.

Dr. Olivier SEROT has received his PhD in nuclear physics in 1992 from the University
of Bordeaux (France). Then, during 5 years, he was involved at the ‘Institute for
Reference Materials and Measurements’ at Geel (Belgium) in experimental activities
related to the fission cross section measurements and the determination of the ternary
particles characteristics (energy spectra and emission probabilities). A theoretical
model for ternary particle emission process was also developed. In 2000, he became
permanent physicist at the Nuclear Energy Directorate of the French Atomic Energy
Commission (Cadarache/France). He initiated a new collaboration with the Institute
Laue Langevin (Grenoble/France) and the Laboratory of Subatomic Physics and
Cosmology (Grenoble/France) in order to measure isobaric, isotopic and isomeric
fission yields using the LOHENGRIN mass spectrometer for various fissioning systems.

More recently, he has participated to the development of a new Monte Carlo code
dedicated to the simulation of the fission fragment deexcitation, capable of predicting
prompt particle characteristics and correlations between fission observables.
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EXPERIMENTAL MEASUREMENTS OF PROMPT FISSION NEUTRONS AND 7y
RAYS (Lecture)

Franz-Joseph Hambsch
franz-josef.hambsch@ec.europa.eu

EU-JRC, Geel, Belgium

Measuring prompt neutron and gamma-ray emission is a challenge in nuclear fission research.
Concerning prompt neutrons not much progress has been made in terms of detector devel-
opments. Still nowadays, neutron detectors are mainly based on NE213 equivalent liquid
scintillator material in combination with photomultipliers. Recent progress in neutron mea-
surements has to be attributed to the implementation of digital data acquisition techniques
and respective digital signal processing algorithms. In addition to measure correlations with
fission fragments novel position sensitive charged-particle detectors were developed and ap-
plied in array-type detector systems like SCINTTA. Concerning prompt gamma-ray detection
a lot of progress has been made in recent years in detector development. The availability
of gamma-ray detectors based on cerium-doped lanthanide-halide crystals has given a boost
to new investigations. Those detectors have much better timing properties, a better energy
resolution and higher efficiency as compared to previously used Nal:T1 based detectors. Also
here, the additional use of digital signal acquisition and processing techniques led to sub-
stantially improved results. During the lecture the fundamentals on how to measure prompt
fission neutron and gamma ray spectra (PFNS, PFGS) will be highlighted, the difficulties

mentioned and the progress demonstrated.

Dr. Franz-Josef (Josch) Hambsch is a Senior Scientists at the European Commission,
Joint Research Centre in Geel, Belgium, formerly known as the Institute for Reference
Materials and Measurements (IRMM). His extensive experience and expertise lies in
the field of nuclear fission physics. He works on projects related to the identification of

prompt neutron and gamma-ray emission in correlation with fission fragments. He has

) also gained experience in light-charged particle and actinide fission cross section
iy
'__ R’[M . measurement as well as with related theoretical modelling.
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ANALYSIS OF FREYA AND CGMF — CORRELATED FISSION MODELING

(PRACTICAL SESSION)

Ramona Vogt!?, Jackson Van Dyke3
vogt2@llnl.gov, jacksonvandyke@lbl.gov

! Lawrence Livermore National Laboratory
2 UC Davis

3 UC Berkeley

We will analyze output from the FREYA and CGMF fission event generators, and in partic-

ular study correlations in prompt fission neutron and ~-ray emission results.

Ramona Vogt got her PhD in nuclear theory at the State University of New York at Stony
Brook. She joined LLNL in 2007 where she is a member of the nuclear data and theory
group at LLNL. She is also an Adjunct Professor at UC Davis. She is an internationally
recognized nuclear theorist with more than 100 published papers and 75 conference
proceedings and has been an organizer of many international workshops and conferences.
She is the co-developer of the complete Monte Carlo fission model FREYA (Fission
Reaction Event Yield Algorithm) with Jorgen Randrup of LBNL. Together they have
written numerous papers on FREYA| including several with experimental collaborators,
and, along with Jerome Verbeke of LLNL, have published FREYA in Computer Physics

Communications. She is actively involved in the American Physical Society, having been

a member of the Executive Committee for the Topical Group on Hadronic Physics since
2008. She became a Fellow of the APS in 2010 and an APS Outstanding Referee in 2016.
She has been an organizer of Nuclear Science Day for Girl and Boy Scouts at LBNL since

2011. When not doing physics, she is likely out running on trails.

Jackson is a student at UC Berkeley studying physics. Recently he has worked with the
FREYA fission event modeling algorithm. In particular he has been investigating the

benefits and trade-offs of using stochastic optimization.
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STUDY OF THE PROMPT NEUTRON MULTIPLICITY IN THE 230U (v, f)

Audrey Chatillon!, L. Grente!, J. Taieb!, H. Alvarez-Pol?, L. Audouin®, Y. Ayyad?, G.
Bélier!, J. Benlliure?, G. Boutoux', M. Caamaifio?, E. Casarejos*, D. Cortina-Gil?, F. Farget®,
B. Fernandez-Dominguez?, T. Gorbinet!, A. Heinz%, H. Johansson®, B. Jurado”, A. Keli¢-
Heil®, N. Kurz®, B. Laurent!, S. Lindberg®, B. Loher®, J.-F. Martin!, C. Nociforo®, C.
Paradela?, S. Pietri®, A. Prochazka®, D. Ramos?, J.L. Rodriguez-Sanchez?, C. Rodriguez-
Tajes®, D. Rossi®, K.-H. Schmidt®, H. Simon®, H. Térnqvist®, L. Tassan-Got?, J. Vargas?, B.
Voss®, H. Weick®, Y. Yan?

audrey.chatillon@cea.fr

LCEA, DAM, DIF, F-91297 Arpajon, France; 2University of Santiago de Compostela, E-15782, Santiago
de Compostela, Spain; 3CNRS, IPN Orsay, F-91406 Orsay, France; *University of Vigo, E-36310 Vigo,
Spain; °CNRS, GANIL, Bd H. Becquerel, 14076 Caen, France; *Chalmers University of Technology, 41296
Gothenburg, Sweden; “CNRS, CENBG, F-33175 Gradignan, France; 8GSI-Helmholtzzentrum fur Schwerio-
nenforschung GmbH, D-64291 Darmstadt, Germany

SOFIA (Studies On Fission with Aladin) is an experimental set-up, which allows to fully
identify both fission fragments in coincidence. It is located at GSI, the only place to use
inverse kinematic at relativistic energies in order to study the (7, f) electromagnetic-induced

fission.

The first aim of this experiment is to accurately measure the fission yields. This will be
detailed, as well as the set-up used, during the poster session on the fission fragment yields.
Since both fission fragments and the fission nucleus are isotopically identified, the SOFIA
experiments provide, event-per-event, an indirect measurement of the total neutron multi-
plicity. Moreover, taking advantage of the correlation between both fission fragments masses,
the neutron multiplicity as function of the mass number of the primary fragments v(A) is
deduced from a numerical analysis.

This talk will briefly reminds the reaction mechanism used, which produces a compound
nuclei with an excitation energy, in average, about 14 MeV. Then, the measurements on the
total mean neutron multiplicity will be presented. Finally, the numerical analysis leading to
v(A), and the results obtained for the coulomb-induced fission of 2*¢U, will be detailed and

compared to some ?*U(ny,, f) direct kinematics measurements.
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PROMPT NEUTRON EMISSION IN THE REACTION #°U(n, f)

Alf Gook

alf.gook@ec.europa.eu

European Commission, Joint Research Center

Experimental activities on prompt neutron emission in fission at JRC-Geel in response to
OECD/NEA nuclear data requests are presented in this contribution. Investigations of
prompt neutron emission of importance in understanding the fission process in general and
the sharing of excitation energy among the fission fragments in particular. The focus of
this contribution is on investigations of the reaction ?*U(n,f) in the region of the resolved
resonances, performed at the GELINA facility. For this reaction strong fluctuations of fis-
sion fragment mass distributions and mean total kinetic energy as a function of incident
resonance-neutron energy have been observed [1]. In addition, small fluctuations of prompt
neutron multiplicities have also been reported in the literature [2]. The goal of the present
study is to verify the current knowledge on fluctuations of PFN multiplicity and fission frag-
ment properties, as well as to study correlations between the properties of prompt neutrons
and fission fragments. The experiment employs the scintillation detector array SCINTTA for
neutron detection, while fission fragment properties are determined via the double kinetic

energy technique employing a recently developed position-sensitive twin ionization chamber.

[1] F.-J. Hambsch et al., Nucl. Phys. A 491 (1989) 56
[2] R. E. Howe et al., Phys. Rev. C 13 (1976) 195
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MEASUREMENT OF HIGH-ENERGY PROMPT 7 RAYS FROM NEUTRON-
INDUCED FISSION OF U (n, f)

Hiroyuki Makii
makii.hiroyuki@jaea.go.jp
Japan Atomic Energy Agency

Prompt fission y-ray spectra (PFGS) are important as they allow us to study the structure
and de-excitation process of neutron-rich fission fragments. They are also required as nuclear
data to design new types of reactors, such as the Generation-IV reactors. For spontaneous
fission of 252Cf, the PFGS show a hump structure associated with a giant dipole resonance
(GDR) observed in fission fragments around 15 MeV. For neutron-induced fissions, however,
no data are available in the energy range higher than 7 MeV. With a goal to measure the
PFGS for neutron-induced fission of 2*>U up to energies of 20 MeV, we have developed a new
measurement system. The system consists of two position-sensitive multi-wired proportional
counters (MWPCs) to detect both fission fragments in coincidence, and two large volume
LaBr3(Ce) scintillators to measure the gamma-rays in fission. The measurement has been
carried out at the PF1B cold-neutron facility of the Insitut Laue Langevin (ILL), Grenoble,
France. The obtained PFGS reached about 20 MeV, high enough to reveal the structure
associated with the GDR of the FFs, for the first time in neutron-induced fissions. In this
contribution, we will present the details of the experimental method and results obtained the

measurement.
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PROMPT 7 RAYS FROM THE SPONTANEOUS FISSION OF *2CF AND THEIR
ANGULAR DISTRIBUTION

Andreas Oberstedt

andreas.oberstedt@eli-np.ro

Extreme Light Infrastructure - Nuclear Physics (ELI-NP)

Nuclear fission is a complex process, which, after almost 80 years since its discovery, is still
not fully understood. One field of research is for instance studies of the de-excitation process
of fission fragments, which in the early stages, i.e. within a few nanoseconds after scission,
takes place through the successive emission of prompt neutrons and ~ rays. For nuclear
applications, information about the prompt neutrons is crucial for calculating the reactivity
in reactors, while precise knowledge about the prompt gamma rays is important for the
assessment of the prompt heat released in the reactor core. Concerning the latter we have
contributed in the past years with a number of precise measurements of prompt y-ray spectra
from spontaneous as well as thermal and fast neutron-induced fission of various compound
systems. From those we determined average characteristics like multiplicity, mean energy

per photon and total y-ray energy released in fission.

The obtained results were investigated for their dependences of mass and atomic numbers of
the fissioning system as well as the dissipated excitation energy. The purpose of this endeavor
was to find a description that allows predicting prompt -ray spectra characteristics for cases
that cannot be studied experimentally.

In this study we report on a recent measurement of prompt fission v rays from the sponta-
neous fission of 22Cf, in which we even measured angular correlations between these v rays
and the fission fragments detected in coincidence. We will present first preliminary results
and infer what can be learned from the observed angular distributions. For instance, the
relative contributions of dipole and quadrupole radiation among the prompt fission v rays
were deduced and compared to the results of very recent calculations with the Monte Carlo
code FIFRELIN, developed at CEA Cadarache.
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HicH ENERGY PROMPT FISSION NEUTRON SPECTRUM MEASUREMENTS
FOR THE SPONTANEOUS FISSION OF 22CF USING A MULTIPLE GAMMA
TAGGING METHOD

Ezekiel Blain', Y. Danon', B. Casel'?
ezekiel.blain@gmail.com
1Rensselaer Polytechnic Institute

2Massachusetts Institute of Technology (MIT)

Previous measurements have been performed at RPI measuring the prompt fission neutron
spectrum of 2°2Cf in the energy range from 50 keV to 7 MeV using the multiple gamma tag-
ging method. Smaller sample mass and short flight-path prevented this measurement from
having useable data in the energy range above 7 MeV and therefore and new experiment was
planned focusing on the high energy range. This range is particularly important since even
in the standard evaluation by Mannhart uncertainties can be as large as 10% in this energy
region. The multiple v tagging method relies on the high v multiplicity from fission in order
to determine the timing of the fission event. A coincidence of two on an array of four BakF,
detectors is used to determine the fission event timing for time of flight measurements. This
multiple v tagging method is advantageous over both fission chamber methods and single ~
tagging method particularly in the high energy range. The higher v penetrability compared
to fission fragments allows for much larger samples to be used which greatly improves the
counting rate for the low probability high energy ~s. Additionally, when compared to single
gamma tagging there is much lower background and much greater timing resolution with the
multiple v tagging method providing more accurate measurements at high energy. Measure-
ments are currently being performed at RPI to measure the prompt fission neutron spectrum
in the energy range from 1 MeV to 16 MeV and preliminary results show good agreement

with previous measurements and evaluations.
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PRELIMINARY RESULTS FROM THE TRIPLE FISSION-EJECTA CORRELA-
TIONS TRIAL (TRIFECTA) AT ORNL

William Peters'?, M. S. Smith?, A. Galindo-Uribarri?, E. Temanson®, K. Smith!, S. V.
Paulauskas!, C. Thornsberry!, K. L. Jones!, R. Grzywacz!, J. A. Cizewski*
wapeters@nuclearemail.org

1University of Tennessee, USA

20ak Ridge National Laboratory, Oak Ridge, USA

3University of Wisconsin La-Crosse, USA

4Rutgers University, USA

Despite fission having been studied for almost 80 years, there is a shortage of data on the
correlations of multiple fission products needed to benchmark advanced theoretical models
of fission. A pioneering experiment underway at ORNL, the Triple Fission-Ejecta Corre-
lations Trial (TRIFECTA), involves the measurement of energy and angular correlations
between prompt 2*2Cf fission neutrons and 7 rays with respect to one fission fragment in
time-coincidence. The mass of one fragment is determined, with 4 amu precision, by using
2 micro-channel plate timing detectors and a silicon total-energy detector. Time-coincident
data from auxiliary detectors are also recorded: 6 Nal detectors to measure v-ray multi-
plicity, 1 HPGe detector to measure the high-resolution ~-ray spectrum, and an array of 28
VANDLE modules to measure the neutron spectrum and multiplicity. For the first time,
correlations between coincident fragment-gamma-neutron fission products can be studied, as
a function of fragment mass. Utilizing certain unique v-ray transitions recorded by the HPGe
detector, we were able to determine the neutron energy and angular correlations of specific
fission fragments. Preliminary results on neutron—neutron angular correlations, y-ray vs.
neutron multiplicity, and other correlations will be presented, along with plans for future

improvements.

Work supported in part by the Laboratory Directed Research and Development Program of
ORNL, managed by UT-Battelle, LLC, for the U.S. Department of Energy.
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QUANTIFYING THE IMPACT OF THEORETICAL FI1SSION YIELDS ON PROMPT
PARTICLE OBSERVABLES

Patrick Jaffke, P. Moller, P. Talou, 1. Stetcu
pjaffke@lanl.gov
Los Alamos National Laboratory, Los Alamos, NM 87545, USA

Recently, fission fragment yields have been calculated from macroscopic-microscopic mod-
els for a variety of fissioning systems and found to show good agreement with experimental
measurements. We test the impact of using these theoretically-calculated mass yields on the
eventual prompt neutron and gamma observables. This is done by modeling the de-excitation
of the fission fragments with a Hauser-Feshbach statistical decay framework. We draw con-
nections between the characteristics of the mass yields and prompt particle observables. Our
results demonstrate that even small discrepancies between experimental and theoretical mass
yields can result in deviations from prompt particle observables, such as the prompt neutron

multiplicity, outside the allowed errors, providing useful constraints.
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CHI-NU MEASUREMENT OF 23U AND 2%Pu PROMPT FISSION NEUTRON
SPECTRA

Keegan Kelly
kkelly@lanl.gov
Los Alamos National Laboratory, Los Alamos, USA

The prompt fission neutron spectra (PFNS) from the neutron-induced fission of major ac-
tinides play an important role in criticality measurements, global security, and nuclear reactor
design and also provide stringent tests of nuclear physics models. Research on any of these
topics relies on nuclear data evaluations that are, in turn, based on experimental data. De-
spite the importance of the PFNS from major actinides, there are not many measurements
over the entire incident neutron energy range of interest. Furthermore, many of the measure-
ments that do exist do not agree with each other within the quoted 1-0 uncertainties, thereby
complicating nuclear data evaluations. High-precision measurements of the PFNS are needed

to improve and validate nuclear data evaluations and to progress the above-mentioned fields.

The Chi-Nu experiment at the Los Alamos Neutron Science Center (LANSCE) has recently
taken high-statistics data on the PFNS from 23U and 23°Pu. Results will be presented for
the 235U PFNS as well as preliminary results for the 23Pu PFNS. Details of data analysis

including a discussion of analysis methods and uncertainty quantification will be provided.
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MCNP — A REVIEW OF OUR 70-YEAR HISTORY, CURRENT STATUS AND
UPCOMING FUTURE (Lecture)

Avneet Sood
sooda@Ilanl.gov

Los Alamos National Laboratory, Los Alamos, NM 87545, USA

The Monte Carlo method for radiation particle transport has its origins at LANL dating back
to the 1940s. The creators of these methods were Drs. Stanislaw Ulam, John von Neumann,
Robert Richtmyer, and Nicholas Metropolis. Monte Carlo methods for particle transport
have been driving computational developments since the beginning of modern computers;
this continues today. In the 1950s and 1960s, these new methods were organized into a se-
ries of special-purpose Monte Carlo codes, including MCS, MCN, MCP, and MCG. These
codes were able to transport neutrons and photons for specialized LANL applications. In
1977, these separate codes were combined to create the first generalized Monte Carlo radi-
ation particle transport code, MCNP. In 1983, MCNP3 was released for public distribution
to the Radiation Safety Information Computational Center (RSICC). The upcoming release
of MCNP (version 6.2) is expected in June 2017. Approximately 20,000 copies of MCNP
have been distributed to users in government institutions, academia, and private industries

worldwide. This talk will review our history, current status, and future directions.

XCP-3 Monte Carlo Methods, Codes, and Applications Group Leader, Los Alamos
National Laboratory, Los Alamos, NM. PhD. Nuclear Engineering N.C. State Univ.
(2000). Currently, I am responsible for approximately 40 technical staff involved with
Monte Carlo radiation transport methods and code development (including MCNP)
and applications in nuclear criticality safety, passive and active radiation detection and
measurement, nuclear threat evaluation and response, and nuclear experiment design
and assessment. My previous technical work includes MCNP code development
(physics and feature improvements, code modernization, verification, validation) and
several projects focused on radiation detection and measurement, nuclear
non-proliferation, warhead and treaty verification, nuclear emergency response, and

nuclear counterterrorism. My previous academic contributions include adjunct faculty

at four universities as co-advisor for seven PhD students and four post-doctoral
students at LANL.
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APPLICATION OF FISSION: REACTOR PHYSICS (LecTurE)

Jean-Christophe Sublet

j.c.sublet@iaea.org

International Atomic Energy Agency, Vienna, Austria

The importance of fission cross-sections, energy dependence, prompt, delayed neutron mul-
tiplicities and spectra, fission products yields for typical reactor applications will be subject
to scrutiny with emphasis on power reactor needs. Thermal, fast, pile or large power reactor
core physics simulations based on nuclear fission, requirements in terms of neutron balances
(production, disappearance and leakage) are rather specifics but also bounding. They have
tremendous impacts on the power plants design, operability and safety aspects during their
entire lifetime. Fissions processes, their significances, interpretation through simulations

viewed from a reactor physics perspectives will be presented.

Dr.-Eng. Jean-Christophe Sublet has been recently appointed nuclear data services
unit head of the International Atomic Energy Agency in Vienna. Prior to this latest
post, he was covering the management and technical leadership of the work performed
by the UKAEA on the provision and development of the next generation, 21st century
multi-particles, multi-physics, multi-scale, source terms and inventory simulations
systems and technology driven nuclear data library able to foster the nuclear and
material sciences renaissance. He has been a lead evaluator of nuclear data: EAF,
TENDL; developer of the processing code CALENDF, inventory code FISPACT-II.
Jean-christophe in his career has worked for AREVA, CEA, UKAEA and now the

TAEA on the nuclear data and neutronics aspects of most types of nuclear devices.
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SAFEGUARDS APPLICATIONS OF NUCLEAR DATA (practicav session)

Cameron Bates and Madison Andrews
batesca@lanl.gov, madison@lanl.gov

Los Alamos National Laboratory

Our exercise will show students the impacts of nuclear data on nuclear safeguards measure-
ments. They will extract a “new” evaluation for fission properties and then see how that

changes the assay of unknown material.

Cameron Bates is a staff scientist in XCP-3 at Los Alamos National Laboratory.
Cameron received his BSE in Nuclear Engineering and Radiological Sciences from the
University of Michigan in 2010. He went on to pursue a PhD in Nuclear Engineering at
the University of California, Berkeley. He performed his PhD research at Lawrence
Livermore National Laboratory working on ultra-high resolution gamma-ray spectroscopy
for nuclear safeguards applications. Cameron received his PhD in May 2015 and took a

postdoc position in XCP-3. He has since become a staff scientist in the group working on

arms control and stockpile stewardship problems.

Madison Andrews received her Bachelor’s in Engineering Physics from Queen’s University
in 2009. She completed her Master’s and PhD in Nuclear Engineering at the Royal
Military College of Canada in 2011 and 2015, respectively. She came to Los Alamos
National Laboratory as a Director’s Postdoctoral Fellow in 2015 and was recently
converted to a staff scientist. Her current research is on safeguards radiation detection
capabilities with the Monte Carlo Codes and Safeguards Science and Technology groups
at LANL.
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OPENMC: AN OPEN-SOURCE MONTE CARLO CODE FOR NEUTRON CRIT-
ICALITY SIMULATIONS

Ben Forget
bforget@mit.edu
Massachusetts Institute of Technology (MIT)

This talk will introduce the OpenMC code project, key features of the code and recent re-
search developments in the area of nuclear data processing. OpenMC is an open source
Monte Carlo code that was developed primarily for reactor criticality simulations on leader-
ship class computing platforms with additional features and applications being added con-
tinuously. The code is hosted on github and counts developers form multiple universities
and national laboratories. Amongst the key features that will be discussed are the on-the-fly
Doppler broadening of cross sections via the windowed multipole formalism, continuous ma-
terial tracking for seamless integration with other physics packages, and recent developments

in uncertainty quantification from resonance parameters.
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DIAGNOSTIC IMAGING USING CONTRAST FROM FISSION

Paul Hausladen

hausladenpa@ornl.gov

Oak Ridge National Laboratory, USA

In this presentation, a number of approaches that have been developed or are under develop-
ment at Oak Ridge National Laboratory for imaging the distribution of either spontaneous
or induced fission sites in items containing or consisting of special nuclear materials (SNM)
will be described and, where available, experimental results will be shown. Fission is readily
induced or occurs spontaneously in only a small number of materials, such as SNM, whose
accurate accounting and characterization are of interest to safeguards, treaty verification,

and homeland security.

Historically, measurements of fission-neutron emanations from SNM have served as a key di-
agnostic for its non-destructive assay because fission neutrons readily penetrate high atomic
number materials and because attributes of fission neutrons, such as their number and cor-
relation, can be related to characteristics of the inspected items containing SNM. However,
interpretation of bulk-counting (non-imaging) data can be ambiguous when assessing con-
figurations that are complicated or include multiple sources. In these instances, imaging
approaches can be useful, and can potentially reduce or eliminate ambiguity in confirmation
or characterization measurements. The ability to form an image is enabled by the ability
to associate a measurable quantity, such as a number of neutrons, with a path through an
inspected object, or “line of response.” Lines of response having contrast for fission can be
accomplished via either collimation of detected neutrons or collimation of interrogating neu-
trons and subsequent detection of induced neutrons. Instruments and methods based on each

of these principles will be described, and will include:
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1. A tomographic imager for ~55 gallon drums that performs three-dimensional trans-
mission and induced-fission imaging. This instrument is based on interrogation using
14-MeV neutrons from the d +t — « + n reaction, where “collimation” is accomplished
by knowing the initial trajectory of the neutron by detecting the associated alpha par-
ticle. In analogy to conventional multiplicity counting, a fraction of the induced fissions
are detected by counting one or more neutrons in coincidence in fast organic scintillation
detectors. However, in contrast to conventional multiplicity counting, the number of fis-
sions is increased by the interrogating source and the initiation times of fission chains

are known by correlation to the times of interrogation by source neutrons.

2. A passive fast neutron emission imager (currently under development) that is intended to
perform imaging of the fast fission neutron emissions from individual fuel pins in spent
nuclear fuel assemblies. This instrument is based on a novel collimator that enables

trans-axial tomographic imaging in order to verify the integrity of fuel assemblies.

- 46 -



EVIDENCE OF o0-x-v CORRELATIONS IN EVALUATED DATA FILES

Eric Bauge
eric.baugeQcea.fr

CEA Bruyeres-le-Chatel, France

The most recent generations of evaluated nuclear data files exhibit excellent integral perfor-
mance (as shown by the good agreement between experimental and calculated K.s values
for a wide range of benchmark experiments). However, the propagation of the uncertainties
associated with these evaluated nuclear data to integral observables generally produces cal-
culated distributions which are much (3-5 times) wider than the experimental uncertainties
of the experiments. Reducing the variances of the evaluated data to achieve consistency
would lead to unreasonably narrow variances compared to those of microscopic differential
experimental data. One way of solving that paradox can be to allow, for different observables
like the fission cross sections (), the prompt fission neutron spectra (x), and the average
multiplicities of fission neutrons (v), to be correlated, in a Bayesian-like, Total Monte-Carlo
approach, under integral constraints. Examples will be shown for o-y-v correlations of 29Pu
evaluated nuclear data, under constraints from some PMF (Plutonium Metallic Fast) inte-
gral experiments from the ICSBEP benchmark compilation. Future developments will be

highlighted, and restrictions imposed by the formatting of nuclear data will be discussed.
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APPLICATION OF LANL FISSION MODELS TO THE ASTROPHYSICAL R-
PROCESS

Matthew Mumpower
mumpower@lanl.gov

Los Alamos National Laboratory

Atomic nuclei are one of the most multifaceted systems in the universe. The approach of
studying these complex systems through the use of global nuclear models has been a cor-
nerstone of LANL and proven insightful to a wide variety of applications. Our theoretical
framework is based on the nuclear properties predicted by the Finite-Range Droplet Model
(FRDM). For nuclear fission, reactions and branching ratios we utilize a combination of
statistical Hauser-Feshbach (HF) as well as Quasi-particle Random Phase Approximation
(QRPA). I focus my discussion on the application of these models to the astrophysical r-
process; thought to be responsible for the creation of approximately half of the heavy el-
ements above iron in the cosmos. The extension of our theoretical framework to nuclei at
extreme neutron-excess allows for the calculation of relevant capture rates as well as neutron-
induced fission and beta-delayed fission properties which are critical inputs for the r-process.
I also discuss the ongoing progress being made with fission yields and their impact on the
final abundances we observe in nature. This work has been supported by the FIRE (Fission

In R-process Elements) collaboration.
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SENSITIVITY STUDIES AND MTAS MEASUREMENTS FOR THE DECAY HEAT
CALCULATION

Wojciech Bielewski, Marek Karny

wojciech.bielewski@fuw.edu.pl

Faculty of Physics, University of Warsaw

In 2007 Nuclear Energy Agency of OECD published the report Assessment of Fission Product
Decay Data for Decay Heat Calculation [1], containing the list of isotopes which beta-decay
should be measured or remeasured in order to improve the agreement between calculation of
the decay heat (DH) based on the experimental data and the available direct measurements.
There are two approaches to calculate DH: one takes available fission yields and measured
decay properties only, the other, in addition includes theoretical predictions for very exotic
isotopes where experimental decay data do not exist or are clearly incomplete. In this work
we compare these two types of calculations to look for the isotopes, which are responsible
for the main differences between the results. For the first type of calculations we use our in-
house developed program, while for the second type of calculations we use industry approved
standard SCALE/ORIGEN [2], which gives much better agreement with the experimental
data and not only includes the theoretical predictions for the unknown isotopes, but also for
some relatively well studied isotopes uses different (up to 50%) values, than suggested by
the evaluated data files [3][4]. In this work we will present our own inventory of isotopes for
which different input parameters are used and therefore which may have the highest impact
on the filling the gap between measured and calculated decay heat. We will also report on the
recent study [5] on few of these isotopes performed by means of Modular Total Absorption

Spectrometer.

[1] Assessment of Fission Product Decay Data for Decay Heat Calculations, Volume 25,

Nuclear Energy Agency Organisation for Economic Co-operation and Development, 2007.
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[2] ORNL, SCALE: A Comprehensive Modeling and Simulation Suite for Nuclear Safety
Analysis and Design, ORNL/TM-2016/43, Version 6.2.1 (2016), Available from Radiation
Safety Information Computational Center at Oak Ridge National Laboratory as CCC-834.

[3] The JEFF-3.1 Nuclear Data Library, Nuclear Energy Agency, Organization For Economic
Co-Operation And Development, JEFF Report 21, 2006.

[4] M. B. Chadwick et al., “ENDF/B-VIL.1: Nuclear Data for Science and Technology: Cross
Sections, Covariances, Fission Product Yields and Decay Data,” Nucl. Data Sheets 112
(2011) 2887.

[5] A. Fijalkowska et al., The impact of measurements of beta-decay of fission products by
MTAS detector for decay heat and reactor anti-neutrino flux calculation - accepted for pub-

lication in Phys. Rev. Lett
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THE PROVISION AND VALIDATION OF NUCLEAR DATA AT AWE

James Benstead, M. Cornock, T. Gaines, L. Morgan, A. Simons, M. Bunce, V. Woolhead, S.
Rice
james.benstead@awe.co.uk

AWE, UK

Reliable, validated nuclear data are a crucial component of the neutronics capability required
to support AWE’s programme of work. Work is performed by the Nuclear Data Team to
evaluate existing data sources, process data in the formats used by AWE’s multiphysics codes

and validated by benchmarking to known experiments.
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SENSITIVITY ANALYSIS OF ?*2CF(SF) NEUTRON AND GAMMA OBSERV-
ABLES IN CGMF

Austin Carter'?, P. Talou?, I. Stetcu?, P. Jaffke?, B. Kiedrowski'
austinlc@umich.edu
!University of Michigan, Nuclear Engineering and Radiological Sciences

2T-2, Los Alamos National Laboratory

CGMF is a Monte Carlo code that simulates the decay of primary fission fragments by emis-
sion of neutrons and v rays, according to the Hauser-Feshbach equations. As the CGMF
code was recently integrated into the MCNPG6.2 transport code, great emphasis has been
placed on providing optimal parameters to CGMF such that many different observables are
accurately represented. Of these observables, the prompt neutron spectrum, prompt neutron
multiplicity, prompt v spectrum, and prompt v multiplicity are crucial for accurate transport
simulations of criticality and nonproliferation applications. This contribution to the ongoing
efforts to improve CGMF presents a study of the sensitivity of various neutron and gamma
observables to several input parameters for Californium-252 spontaneous fission. Among the
most influential parameters are those that affect the input yield distributions in fragment
mass and total kinetic energy (TKE). A new scheme for representing Y(A,TKE) was im-
plemented in CGMF using three fission modes, S1, S2 and SL. The sensitivity profiles were
calculated for 17 total parameters, which show that the neutron multiplicity distribution
is strongly affected by the TKE distribution of the fragments. The total excitation energy
(TXE) of the fragments is shared according to a parameter Ry, which is defined as the ratio
of the light to heavy initial temperatures. The sensitivity profile of the neutron multiplicity
shows a second order effect of Ry on the mean neutron multiplicity. A final sensitivity profile
was produced for the parameter «, which affects the spin of the fragments. Higher values of
a lead to higher fragment spins, which inhibit the emission of neutrons. Understanding the
sensitivity of the prompt neutron and + observables to the many CGMF input parameters

provides a platform for the optimization of these parameters.
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THE SOFIA EXPERIMENT: MEASUREMENT OF THE ISOTOPIC FISSION
FRAGMENTS YIELDS

Audrey Chatillon!, L. Grente!, J. Taieb!, H. Alvarez-Pol?, L. Audouin®, Y. Ayyad?, G.
Bélier!, J. Benlliure?, G. Boutoux', M. Caamaifio?, E. Casarejos*, D. Cortina-Gil?, F. Farget?®,
B. Fernandez-Dominguez?, T. Gorbinet!, L. Grente!, A. Heinz®, H. Johansson®, B. Jurado’,
A. Kelié-Heil®, N. Kurz®, B. Laurent!, S. Lindberg®, B. Loher®, J.-F. Martin!, C. Nociforo®,
C. Paradela?, E. Pellereau!, S. Pietri®, A. Prochazka®, D. Ramos?, J.L. Rodriguez-Sanchez?,
C. Rodriguez-Tajes®, D. Rossi®, K.-H. Schmidt®, H. Simon®, H. Térnqvist®, L. Tassan-Got?,
J. Vargas?, B. Voss®, H. Weick®, Y. Yan?

audrey.chatillon@cea.fr

LCEA, DAM, DIF, F-91297 Arpajon, France

2University of Santiago de Compostela, E-15782, Santiago de Compostela, Spain
3CNRS, IPN Orsay, F-91406 Orsay, France

4University of Vigo, E-36310 Vigo, Spain

S5CNRS, GANIL, Bd H. Becquerel, 14076 Caen, France

6Chalmers University of Technology, 41296 Gothenburg, Sweden

7CNRS, CENBG, F-33175 Gradignan, France

8GSI-Helmholtzzentrum fur Schwerionenforschung GmbH, D-64291 Darmstadt, Germany

SOFTA (Studies On Fission with Aladin) is an experimental set-up dedicated to accurate
measurement of fission fragment isotopic yields. It is located at GSI, the only place to use
inverse kinematic at relativistic energies in order to study the (v,f) electromagnetic-induced
fission. The SOFIA set-up is a large acceptance magnetic spectrometer, which allows to fully
identify both fission fragments in coincidence, leading to the isotopic yields, mean neutron

multiplicity and TKE measurements.

The first SOFTA experiment was performed in August 2012. During 6 days, a broad range
of nuclei from *3Hg up to 23¥Np were produced by fragmentation and separated at the FRS
(FRagment Separator) facility. A second measurement of 1.5 day with an upgraded set-up
was performed in October 2014 to measure the yields of the 23U fissioning nucleus. This
poster will detail the set-up, and present some results on fission of uranium and thorium

isotopes. _53 .-




A NEwW ERA IN PHOTO-FISSION MEASUREMENTS INITIATED AT ELI-NP

Deepika Choudhury!, A. Oberstedt!, D. Balabanski!, A. Krasznahorkay?, L. Csige?, M.
Csatlos?, J. Gulyas?, P. Constantin', S. Coban!s3

deepika.choudhury@eli-np.ro

'Extreme Light Infrastructure - Nuclear Physics (ELI-NP) / Horia Hulubei National Institute for R&D in
Physics and Nuclear Engineering (IFIN-HH), Bucharest, Romania

Institute of Nuclear Research, Hungarian Academy of Sciences, 4026 Debrecen, Hungary

3 Akdeniz University, Dumlupinar Bulvari, 07058 Antalya, Turkey

The Extreme Light Infrastructure - Nuclear Physics facility, ELI-NP, a state-of-the-art lab-
oratory dedicated to promote nuclear physics research with extreme electromagnetic fields,
is expected to become operational in 2018. Along with a 10 PW high power laser system
(HPLS), it will host a highly brilliant in-beam system (GBS) [1,2] delivering photon beams
with high spectral density (~10* photons/s/eV), high resolution (band width 0.5%) and high
degree of linear polarization (>95%) [3]. This brilliant beams will allow precise photo-nuclear
measurements in the 0.2-19.5 MeV energy range and will also overcome the existing limita-
tions on photo-fission experiments carried out till date, hence opening a new era for high
resolution measurements of sub-barrier transmission resonances in the fission decay channel

with cross sections down to 0.1 eV b [4].

The photo-fission experimental campaign at ELI-NP mainly aims at measuring the absolute
photo- fission cross section of actinide nuclei (*3?Th, 238U, 23U, 2#Pu, to start with) with high
precision, and to study the characteristics: energy, mass, charge and angular distributions,
of the fission fragments as well as the ternary fission products using the high-intensity, quasi
mono-energetic y-ray beams produced at ELI-NP. The study of ternary photo-fission will
become possible for the first time due to the high intensity of the ELI-NP beam. An important
goal is to resolve the so-far unobserved fine structure of the isomeric shelf by decomposing it
into individual transmission resonances, and to observe the predicted nucleon clusterization

phenomena in super- and hyper-deformed states of the actinides [4]. The polarized beams
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provide an excellent opportunity to study the space asymmetry of the angular distribution of
the fission fragments and the correlation between the space asymmetry and the asymmetry

of the fission process [4,5].

In order to make these measurements possible, we are developing two new detector ar-
rays based on existing, well-understood cutting-edge technologies. The first setup, called
ELITHGEM, is an array of 12 thick gas electron multipliers (THGEM) inside a low-pressure
gas chamber, dedicated to the measurement of cross sections and fission fragment angular
distributions as a function of the photon energy. This detector array covers almost a full
solid angle (around 80% of 47) and has an angular resolution of about 5°. The second setup,
called ELI-BIC, includes a set of four double-sided Frisch-grid Bragg ionization chambers to
investigate the fission fragment characteristics. Each ionization chamber will be coupled with

eight AE-E detectors (covering about one solid angle) for the study of ternary fission [4].

The present status of development of the above mentioned detector arrays will be reported
along with the results from test experiments carried out to check the sensitivity and func-
tionality of the detectors. The near future plans for in-beam test experiments at the existing
neutron and in-beam facilities will also be presented along with our future plans for Day-One

experiments with the ELI-NP beams.

[1] N. V. Zamfir, Nucl. Phys. News 25:3, 34 (2015).

[2] S. Gales et al., Physica Scripta 91, 093004 (2016).

[3] O. Adriani et al., arXiv:1407.3669v1 [physics.acc-ph].

[4] D. L. Balabanski et al., Rom. Rep. Phys. 68, S621 (2016).

[5] L. Csige, Phys. Rev. C 87, 044321 (2013).
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FissioN YIELD CALCULATIONS WITH THE TALYS CoODE

Nataliia Dzysiuk!, A. Koning?

dzysiuk@nrg.eu

!Nuclear Research and Consultancy Group, Petten, The Netherlands
2Nuclear Data Section, IAEA, Vienna, Austria

Nuclear data finds relevance in many applications. It is fundamentally important for analy-
ses related to safety, licensing, waste management and decommissioning issues, astrophysics,
nuclear medicine, as well as fundamental physics. The TALYS code is an open source mod-
ern computer system that provides opportunities to calculate a wide range of nuclear data
quantities including the fission yields for actinides. In this work, we present the results of
comparison of fission mass distributions calculated using the Brosa model and the GEF model
which was recently incorporated into the code. The calculations have been performed for
both pre and post neutron emission cases. The validation was done at differential level by
comparing the calculated fission-fragment mass distribution to the experimental data taken
from the data library. Additionally, it was shown the procedure of reaction cross section

adjustment by means of nuclear model parameter variation.
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KryrPTON FissioN ProbDuCT YIELDS FROM 14 MEV NEUTRON-INDUCED
F1SSION OF 233U AT THE NATIONAL IGNITION FACILITY

Ellen Edwards, W. Cassata, C. Velsko, C. Yeamans, D. Shaughnessy
edwards76@llnl.gov
Lawrence Livermore National Laboratory, and UC Berkeley, USA

Precisely-known fission yield distributions are used to determine a fissioning isotope and the
incident neutron energy in nuclear security applications. 14 MeV neutrons from DT fusion
at the National Ignition Facility (NIF) induce fission in depleted uranium (DU) contained in
the target assembly hohlraum. The fission yields of Kr isotopes (85m, 87, 88, 89, and 90)
are measured relative to the cumulative yield of 88Kr. The fission gas is pumped from the
target chamber, collected, and analyzed in the Radiochemical Analysis of Gaseous Samples
(RAGS). Isotopes with half-lives ranging 8s—9hr can be measured. Kr fission yields have
been measured both from the fission of DU in the hohlraum and DU doped into the capsule
ablator. Since the mass of U is not known, the relative amounts of Kr isotopes are calculated
and compared to existing fission product distribution tables. This measurement produces

more precise results than those given in the evaluated data.

This work was performed under the auspices of the U.S. Department of Energy by Lawrence
Livermore National Laboratory under Contract DE-AC52-07TNA27344.
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MEASUREMENTS OF SHORT-LIVED FISSION ISOMERS

Sean Finch!, C. Howell!, Krishichayan!', W. Tornow!, A. Tonchev?
sfinch@tunl.duke.edu
'Duke University and TUNL

2Lawrence Livermore National Laboratory

Fission yields of the short lived isomers ™ Te (T;/,,=162 ns) and '*"Xe (T;/,,=2.95 pus)
were measured for 2°U, 22*U, and ?*°Pu. The isomers were detected by the v rays associated
with the decay of the isomeric states using high-purity germanium detectors. Fission was in-
duced using both monoenergetic v rays and neutrons. At TUNL’s High-Intensity Gamma-ray
Source (HIvS), v rays of 9, 11, and 13 MeV were produced. Monoenergetic 8 MeV neutrons
were produced at TUNL’s tandem accelerator laboratory. Both beams were pulsed to allow
for precise time-gated spectroscopy of both prompt and delayed ~ rays following fission. This
technique offers a non-destructive probe of special nuclear materials that is sensitive to the

isotopic identity of the fissile material.
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MEASUREMENT OF INTENSE CONTINUOUS AND FLASH RADIOGRAPHIC
SOURCES WITH COMPTON SPECTROMETERS

Mandie Gehring, M.A. Espy, T.J. Haines, M.L. Klasky, D.C. Moir
gehring@lanl.gov

Los Alamos National Laboratory

Our team at Los Alamos National Laboratory has successfully employed Compton spec-
trometers to measure the x-ray spectra of intense radiographic sources, both continuous and
flash. In this method, a collimated beam of x-rays incident on a convertor foil ejects Comp-
ton electrons. A collimator may be inserted into the entrance of the spectrometer to select
the angular acceptance of the forward-scattered electrons, which then enter the magnetic
field region of the spectrometer. The position of the electrons at the magnet?s focal plane
is proportional to the square root of their momentum, allowing the x-ray spectrum to be re-
constructed. Two spectrometers have been fielded since 2013; a neodymium-iron permanent
magnet with an energy range of 500 keV to 20 MeV, and a new samarium-cobalt magnet
with an energy range of 50 keV to 4 MeV. The measured spectra were produced by x-ray
generating machines of various intensities (~5 rad at 1 m per 50 ns pulse to >2000 rad/min
at 1 m) and different endpoints (range of 2.25 to 20 MeV). A survey of these results will be

presented with emphasis on our recent, low-energy experiments.
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ANALYSIS OF RECENT NEUTRON INDUCED FISSION FROM THE NIFFTE
FISSIONTPC

David Hensle!, D.C. Moir?
dhensle@mines.edu
LColorado School of Mines

2Los Alamos National Laboratory

The fissionTPC, built for the purpose of making neutron-induced fission cross section mea-
surements with unprecedented precision, is a two-chamber MICROMEGAS time projec-
tion chamber that allows for three-dimensional tracking of charged particles. This three-
dimensional tracking capability also provides a direct measurement of fission fragment angu-
lar distributions for neutron-induced fission. Fragment angular anisotropy is an important
experimental observable for understanding the quantum mechanical state of the fissioning
nucleus and a parameter required to determine detection efficiency for cross section mea-
surements. Preliminary results for 23U fission fragment anisotropy as a function of neutron

energies in the range 130 keV — 100 MeV will be presented.
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ToTtAL KINETIC ENERGY AND FRAGMENT MASS DISTRIBUTIONS FROM
F1SSION OF 232TH AND 23U

Daniel Higgins
dhiggins@mines.edu
Colorado School of Mines

Properties of fission in ?*2Th and 233U were studied at the Los Alamos Neutron Science Cen-
ter (LANSCE) at incident neutron energies from sub-thermal to 40 MeV. Fission fragments
are observed in coincidence using a twin ionization chamber with Frisch grids. The aver-
age total kinetic energy released from fission and fragment mass distributions are calculated
from observations of energy deposited and conservation of mass and momentum. Accurate
experimental measurements of these parameters are necessary to better understand the fis-
sion process in isotopes relevant to the thorium fuel cycle, in which 232Th is used as a fertile
material to generate the fissile isotope of 233U. This process mirrors the uranium breeder
process used to produce ?3°Pu with several potential advantages including the comparative
greater abundance of thorium, inherent nuclear weapons proliferation resistance, and reduced
actinide production. For these reasons, there is increased interest in the thorium fuel cycle to
meet future energy demands and improve safety and security while increasing profitability for

the nuclear power industry. This research is ongoing and preliminary results are presented.
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HUNTING FOR R-PROCESS SIGNATURES IN THE GALAXY

Erika Holmbeck!, T. C. Beers'?, Vinicius M. Placco'?, T. T. Hansen?®
eholmbec@nd.edu

!Department of Physics, University of Notre Dame, Notre Dame, IN 46556, USA
2JINA-CEE, Michigan State University, East Lansing, MI 48824, USA

3Carnegie Observatories, Pasadena, CA 91101, USA

There are roughly 25 very metal-poor (VMP: [Fe/H| < -2.0), highly r-process-enhanced (r-11:
[Eu/Fe| > 1.0) stars currently known, discovered over the past quarter century. These stars,
rich in neutron-capture elements, are vital in determining the astrophysical site(s) of the
r-process, as they provide nearly pure signatures of r-process events early in the Galactic
history. We are currently conducting a high-resolution follow-up survey on RAVE targets in
order to identify a total of 100 r-II stars. Our pilot run on the du Pont 2.5-m telescope at
Las Campanas Observatory, Chile, has already demonstrated success in identifying at least
ten new r-II stars. We are continuing our high-resolution follow-up effort in order to better

characterize the site(s) and nature of the r-process, including the actinide boost.
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INDUCED FIssiON OF 0Py IN TIME-DEPENDENT DENSITY FUNCTIONAL
THEORY

Jin Shi
js1421Quw.edu
University of Washington, Seattle, USA

The nuclear density functional theory (DFT) is the only microscopic theory that can be ap-
plied throughout the nuclear chart. Using its extension to time-dependent superfluid fermion
systems, superfluid local density approximation (TDSLDA), we studied the induced fission of
Pu240 in three-dimensional coordinate space without any symmetry restriction. By selecting
different initial conditions on the potential energy surface of Pu240 with different energy
density functionals (EDF), we obtained 44 fission trajectories and calculated various fission
fragment properties (mass distributions, TKE, etc.). For these properties, the average values

are very close to the measurement, while the fluctuations are highly suppressed.
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MEASUREMENT OF THE 2*U(n, f) AND #°U(n, f) FISSION FRAGMENT
ANGULAR DiISTRIBUTION AT CERN N_TOF

Esther Leal-Cidoncha!, I. Duran?, C. Paradela®, D. Tarrio®, L. Tassan-Got?, L-S. Leong?,
L. Audouin?, and the n_TOF Collaboration
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In the measurements of fission cross sections, the detection efficiency has to be high accurately
known. As the Fission Fragment Angular Distribution (FFAD) is anisotropic above 100
keV for both, 24U(n,f) and 23°U(n.f) reactions, it has to be precisely measured to correct
the detection efficiency in the setups where it depends on the emission angle of the fission
fragments. However the FFAD data provided in EXFOR are limited up to 15 MeV for the
2347 (n,f), being barely known above 25 MeV for the 2°U(n,f). In addition, the FFAD is an
important observable to investigate the nuclear fission process, specially in the fission-chances
thresholds, where large anisotropies are observed for both reactions.

In order to measure the FFAD of neutron-induced fission reactions, a fission detection setup
based on Parallel Plate Avalanche Counter (PPAC) detectors has been developed and suc-
cessfully used at the CERN n_TOF facility. The *U(n,f) and ?3U(n,f) FFAD have been
measured in this work using the tilted configuration of targets and detectors [1,2], which un-
like the perpendicular configuration [3], allows to cover all the emission angles of the fission
fragments.

Results on the analysis of the FFAD and anisotropy parameter up to 300 MeV are presented
in this work, providing for first time data of the 2*U(n,f) above 15 MeV, and completing the
existing measurements of the #**U(n,f).

[1] D. Tarro et al., Nucl. Instrum. Meth. A 743, 79 (2014).
[2] L. S. Leong. PhD. thesis, Universite Paris Sud (2013).
[3] C. Paradela. PhD. thesis, Universidade de Santiago de Compostela (2005).
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CORRELATION IN PROMPT v AND NEUTRON IN FISSION

Stefano Marin!, M. J. Marcath!, P. Schuster!, S. D. Clarke!, A. Di Fulvio!, R. C. Haight?,
P. Talou?, R. Vogt®*, J. Randrup?, S. A. Pozzi!

stmarin@umich.edu

LUniversity of Michigan
2Los Alamos National Laboratory
3Lawrence Livermore National Laboratory

4Lawrence Berkeley National Laboratory

Neutrons and photons are emitted during the fission process, when a heavy nucleus splits
into two fragments, which are energetically excited. In the de-excitation process, multiple
prompt neutrons and gammas are emitted in coincidence. A possible dependence between
neutron and gamma multiplicity is investigated by analyzing collected data. An array of 45
liquid organic scintillation detectors and a fission chamber are used to describe event by event
multiplicities. The experimental data is then compared to MCNPX-PoliMi simulations. The
detected data is unfolded from the low efficiency response system to extract multiplicities at
emission. These results are then used to predict the correlation between the multiplicities,

in the form of a linear dependence.
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FIRST RESULTS ON ?**U(n, f) PROMPT FI1SSTON NEUTRON SPECTRA MEA-
SUREMENT AT CHI-NU

Paola Marini', B. Laurent!, G. Belier!, T. Bonnet!, A. Chatillon!, J. Taieb!, D. Etasse?,
M. Devlin®, R. Haight?

paola.mariniQcea.fr

I!CEA, DAM, DIF, F-91297 Arpajon, France
2LPC Caen, ENSICAEN, Université de Caen, CNRS/IN2P3, Caen, France
3P-27, Los Alamos National Laboratory, Los Alamos, NM-87544, USA

A new ?3¥U(n,f) prompt fission neutron spectra (PFNS) measurement has been recently

performed at the WNR facility of the Los Alamos National Laboratory.

The measurement allowed us to explore the dependence of the prompt fission neutron energy

spectra on the incident neutron energy, which covers the range from 1 to 200MeV.

The experimental setup couples the 54 Chi-Nu scintillator cells array to a newly developed fis-
sion chamber, characterized by an improved alpha-fission discrimination and time resolution,

a reduced amount of matter in the neutron beam and a higher actinide mass.

The dedicated setup and the high statistics collected allowed us to obtain a good precision
on the measured fission neutron energy, as well as to explore the low energy region, down to
500 keV, and the high energy region, above 5 MeV, of the emitted neutron spectrum. These

are indeed the regions where discrepancies in the evaluated PFNS data are found.

In this contribution we will present the first results of the experiment, with a particular focus
on the dependence of the multiplicity, the mean kinetic energy of the emitted neutrons and
the temperature of the fissioning system as a function of the incident neutron energy up to

few MeV.
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QUASI-DIFFERENTIAL NEUTRON-INDUCED NEUTRON EMISSION (QD-NINE)

Kumar Mohindroo®?, Y. Danon!, E. Blain!, M. Devlin?, J. Gomez?, J.O’Donnell?

kmohindroo@Ianl.gov

'Rensselaer Polytechnic Institute

2Los Alamos National Laboratory

The nuclear industry, in both the commercial and government realms rely on accurate nuclear
data and an understanding of the relevant physics. The Quasi-Differential Neutron-Induced
Neutron Emission (QD-NINE) method compares accurate MCNP simulations to experimen-
tal data in order to assess the accuracy of evaluated nuclear data libraries. If discrepancies
are found, the experimental data acts as a constraint in order to improve the evaluations.The
primary goals of this work are to perform a QD-NINE analysis of 2°U and 23°Pu at the
Weapons Neutron Research facility and enable future QD-NINE analyses within Los Alamos

National Laboratory.

A test measurement of Carbon was performed in 2015 and a measurement of ?*°U was
performed in 2016. The preliminary results of the ?**U measurement show promise but
suggest that additional work may be required to properly characterize the emission spectrum
due to low count rates. This is due to the fact the the 23°U sample was a collection of smaller
samples, each of which was encapsulated in a hydrogenous medium, greatly reducing the

signal to noise ratio.

Both the Carbon test measurement and 23U measurement show good agreement with their

respective simulations.

Experiments are scheduled to be performed within this beam cycle at the Los Alamos Neu-
tron Science Center (LANSCE) to improve upon the measurement of ?°U by using a single
sample of greater mass, thereby reducing the total mass of encapsulation material and in-

creasing the signal to noise ratio. It is planned to also measure 2**Pu during this time.
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THE STUDY OF v EMISSION IN THE FI1SSION PROCESS

Ligiang Qi!, J.N. Wilson!, M. Lebois!, I. Matea!, S. Oberstedt?, A. Oberstedt?, B. Laurent?,
A. Chatillon*, G. Georgiev®, A. Gook?, A. Gatera?, C. Schmitt®, O. Serot”, B. Wasilewska®,
D. Choudray®, A. Aldili®, A. Maj®, L. LeMeur'®, P. Marini*, L. Morris'!, D. Jenkins'!, S.

Courtin'?, G. Fruet!?, V. Nanal'®, P. Napiorkowski'4, M. Stanoiu'®, F. Zeiser'®, S.J. Rose!¢
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Belgium

3Extreme Light Infrastructure-Nuclear Physics (ELI-NP)/Horia Hulubei National Institute for Physics and
Nuclear Engineering (IFIN-HH), 077125 Bucharest-Magurele, Romania

4CEA, DAM, DIF, F-91297 Arpajon, France

5CSNSM Orsay, CNRS-IN2P3, Univ. Paris-Sud, Université Paris-Saclay, 91405 Orsay Cedex, France
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"CEA, DEN-Cadarache, F-13108 Saint-Paul-lez-Durance, France

8The Henryk Niewodnicza?ski Institute of Nuclear Physics, 31-342 Krakow, Poland

9Department of Physics and Astronomy, Uppsala University, Box 516, 751 20 Uppsala, Sweden

10Subatech, IMT-Atlantique, rue Alfred Kastler 4, 44307 Nantes, France

UDepartment of Physics, University of York, Heslington, York YO10 5DD, United Kingdom

127, Strasbourg, IPHC, 23 rue du Loess, 67037 Strasbourg, France, and CNRS, UMR7178, 67037 Strasbourg,
France

13Dept of Nuclear and Atomic Physics, Tata Institute of Fundamental Research, Mumbai -5, India

4Heavy Ion Laboratory, University of Warsaw, Poland

5Institute of Atomic Physics, IFIN-HH, Bucharest-Magurele, P.O. Box MG6, Romania

16 University of Oslo, Department of Physics, P.O. Box 1048, Blindern 0316 Oslo, Norway

Prompt fission gamma spectra (PFGS) have been recently measured for the ?**U(n,f) and
29Pu(n,f) reactions using fast neutrons produced by the LICORNE directional neutron
source. The setup consisted of ionization chambers containing the actinides samples and

LaBrjs scintillation detectors, as well as a cluster of PARIS phoswich detector, to measure
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the coincident prompt fission v rays. Prompt fission v rays were discriminated from prompt
fission neutrons using the time-of-flight (TOF) technique. The multiplicities, total energies
per fission and average energies of photons were extracted from the PFGS. In addition,
information on the dependence of PFGS characteristics as a function of excitation energy

was obtained.

These experiments provide important nuclear data for reactor physics, as an input for v heat-
ing calculations, since the 7 heating effect can be under-estimated by up to 28% with present
nuclear data. Furthermore the new PFGS information will be useful from a fundamental
physics point of view, where results can be compared with many competing theoretical pre-
dictions to refine models of fission process. Observables like multiplicities, mean energies and
total energy can shed light on the energy sharing between fragments and the angular mo-
mentum generation mechanism in fission process. It will also lead to a better understanding

of the competition between neutron and 7 emission.
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L1QUID-GAS COEXISTENCE PHASE IN NUCLEAR MATTER

Alan Salcedo!, Jorge A. Lépez!, Sergio Terrazas?, Adrian Gaytén?
asalcedogomez@miners.utep.edu
!Department of Physics, University of Texas at El Paso, El Paso, TX 79968, USA

2Universidad Auténoma de Ciudad Judrez, Ciudad Judrez, Chihuahua, México

Nuclear matter at low temperatures (T < 15 MeV) exhibits liquid-gas transition phases and
liquid-gas coexistence states for a variety of isospin content and density combinations. This
phenomenon is well known and has been subject of numerous studies in the past decades.
From the absence of a successful Equation of State (EOS) for nuclear systems, it arises a need
for numerical approximations for the research of their properties. Previous inquiry established
that bulk and thermodynamic properties of neutron rich nuclear matter can be investigated
by means of Classical Molecular Dynamics (CMD). In this study, we present data obtained
from CMD simulations and a method to determine a 3-dimensional phase diagram using
these results, interpolation techniques, and Maxwell constructions. We performed more than
300 simulations of nuclear matter for settings of 2000 nucleons with isospin content X (Z/A)
= 0.3, 0.35, 0.4, 0.45, 0.5 at temperatures of T = 1-5 MeV and T = 10-15 MeV, with densities
between p=0.02 fm =3 and 0.18 fm 3. Our results of pressure per nucleon as functions of the
density for each system were stored and further analyzed to construct a phase diagram. From
this study, we aim to extract the boundaries and shape of the liquid-gas coexistence region

for neutron-rich nuclear matter, thus determining its intrinsic physical conditions.

Keywords: Liquid-gas phase transitions, Classical Molecular Dynamics, Maxwell Construc-

tion.
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TARGET CHARACTERIZATION FOR 1% CROSS SECTION PRECISION WITH
A TiME PrROJECTION CHAMBER (TPC)

Kyle Schmitt, The NIFTTE Collaboration
ktschmitt@lanl.gov

Los Alamos National Laboratory

The Neutron Induced Fission Fragment Tracking Experiment (NIFFTE) collaboration has
undertaken to measure the ?**Pu(n,f)/?3U(n,f) cross section ratio in the fast neutron energy
regime with a total systematic uncertainty of 1%. To achieve this level of uncertainty, one
important challenge is to measure the content of 2*Pu and 2**U target deposits to unprece-
dented precision. A low-geometry alpha counting setup has been constructed to benchmark
the performance of the TPC in performing this measurement. Resulting uncertainties for
both the TPC and the auxiliary counter are dominated by the uncertainties on alpha decay
half-life inputs. This measurement validates the overall precision of the TPC for counting
charged particles with high precision. Target characterization methods and results will be

presented.
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UPDATED (-DECAY STUDY OF NEUTRON-RICH ZN INTO GA USING
LERIBSS AT HRIBF

Durga Siwatoki', S.V. Ilyushkin?, J.A. Winger!, C.J. Gross®, K.P. Rykaczewski?, J.C. Batchelder?,
L. Cartegni®, 1.G. Darby®, R. Grzywacz®, J.H. Hamilton”, A.Korgul®, W. Krolas’, S.N.
Liddick!®, C. Mazzocchhi®, S. Padgett®, M.M. Rajabali®, D. Shapira, D.W. Stracener?, E.F.
Zganjri!
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Recent study on beta decay of neutron-rich Zn into Ga is presented with updated decay
scheme and structure of Ga. The present study utilized a more efficient detector setup
along with high purity of the Cu beam in comparison to previous studies with present rate
of over 2000 ions/s. The purity of beam used prevented any member of the decay chain
from being dominant and allowed for comparisons of branching rations between the decays.
The greater efficiency of the HPGe detector array meant detection of more low energy y-ray
from the decays. The ~-v and (- coincidence data from the experiment were obtained at

LeRIBSS and were used to develop a revised decay scheme.

-T2 -



THE °Pu(n, f) CROSS-SECTION MEASUREMENT AT CERN’S N_TOF NEW
EXPERIMENTAL AREA II (EAR-2)

Athanasios Stamatopoulos!, A. Tsinganis?, N. Colonna®, R. Vlastou!, M. Kokkoris', P.
Schillebeeckx?®, A. Plompen?, J. Heyse?, P. Zugec®, M. Barbagallo®, M. Calviani?,
E. Berthoumieux®, E. Chiaveri?, n_ToF Collaboration”
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!National Technical University of Athens (NTUA), Greece; 2European Organisation for Nuclear Research
(CERN), Geneva, Switzerland; ®Istituto Nazionale di Fisica Nucleare, Sezione di Bari, Italy; *European
Commission JRC-Geel, Retieseweg 111, B-2440 Geel, Belgium; ®Department of Physics, Faculty of Science,
University of Zagreb, Croatia; SCommissariat & 'Energie Atomique (CEA) Saclay - Irfu, Gif-sur-Yvette,

France; "n_ToF Collaboration www.cern.ch/ntof

The accurate knowledge of the neutron-induced fission cross-sections of minor actinides and
other isotopes involved in the nuclear fuel cycle is essential for the design of advanced nuclear
systems, such as Generation-IV nuclear reactors, as well as for the reduction of safety margins
regarding their operation. Such experimental data can also provide the necessary feedback
for the adjustment of nuclear model parameters used in the evaluation process, resulting in

the further development of phenomenological nuclear fission models.

In the present work, the 2°Pu(n,f) cross-section was measured at CERN’s n_TOF facility
relative to the well-known 23U (n,f) cross section, over a wide range of neutron energies, from
meV to a few MeV using the time-of-flight technique and a set-up based on Micromegas
detectors. This measurement was the first experiment to be performed at n_ TOF’s new
experimental area (EAR-2), which offers a significantly higher neutron flux compared to the

already existing experimental area (EAR-1).

The data analysis has revealed, that resonances can be resolved up to at least a few tens of
keV, that correspond to transitions between class-I and class-1I1I states, which are not included
in the latest evaluation libraries (i.e. ENDF/B-VIL.1, JEFF-3.2, etc). In addition regarding
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the first chance fission plateau, analysis shows that there is a general agreement with current
evaluation libraries and latest experimental data within a few percent, with the exception
of a dip around 2.5 MeV, which is not included in the evaluations and is seen by a similar

measurement performed in GNEIS facility.

Nearly final results and the analysis as well as the experimental details, are presented.
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NEUTRON-RELATED REACTOR FUNCTIONS AT RADIATION MEASUREMENTS
LABORATORY IN THE ATR COMPLEX

Jagoda Urban-Klaehn
jagoda.urban-klachn@inl.gov

Idaho National Laboratory, USA

The ATR (Advanced Test Reactor) is located at Idaho National Laboratory (INL) site and
has been operating continuously since 1967. The ATR is a uniquely designed enriched ura-
nium, pressurized water moderated & cooled reactor with a serpentine-shaped core. The
ATR is much smaller than commercially operating reactors, and it operates at lower temper-
atures, pressures and total power output. Its unique design allows to achieve much higher
power density levels, temperatures and pressures at different locations depending on the ex-
periment needs. The ATR has 77 irradiation positions in three different configurations: (1)
as a simple static capsule, (2) instrumented lead experiment or (3) pressurized water loops.
It is used for isotope production, fuel and material testing, material aging and speeding
up a fission process, thus eliminating excessive long-lived radiation sources. This reactor is
primarily operated by the US Navy, but it is currently designated as a ‘National Scientific
User Facility’ to be used by universities, national laboratories and industry. It is also used
in collaboration with foreign research program including some from South Korea, India and

Japan.

The activities in the Radiation Measurement Laboratory (RML), which is located at the
ATR complex, include some routine work for the reactor: monitoring of reactor’s primary
and secondary water system, ion exchange columns, resins, cations and anions concentration;
as well as monitoring the stack emissions for particulates and gas exhaust from radioactive
elements, during the reactor cycle and the outage. The RML also participates in the cobalt
(Co-60) assay program for characterization of activated cobalt in the ATR canal. The gamma-
ray dose is measured laterally within a dry tube in the ATR canal, before and after irradiation

and compared to a standard. Another important activity is “flux monitoring” which is done
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by measuring the activation of Co-Al and Ni wires that are inserted in the holders located
within the safety rod fixture. These wires are sensitive to thermal (Co) and fast (Ni) neutron
flux in the probe during the activation cycle. This allows the determination of the thermal

versus fast neutron fluence as a function of position in the reactor core.

The RML also supports the ATRC (Advanced Test Reactor Critical) facility, a low-power
duplicate of the ATR, designed to test prototypical experiments before they are placed into
the ATR. Fission rates are measured as a reflection of a total reactor power and its distribution
within the reactor via irradiation of U-Al flux wires, sometimes with an additional activation
foils, at selected positions of the reactor. The annual ATRC neutron level calibration and
cobalt reactivity measurements are performed using cobalt, nickel and silver wires, where
cobalt is used for thermal energy neutron analysis (0.025 meV), nickel for fast neutrons,
> 1 MeV, and silver to measure standardized neutron activation rates associated with the

calibration of the ATR N-16 power level monitoring system.

The RML laboratory provides not only monitoring of routine radiation safety operations and
radioisotope production, but helps to establish and monitor fluxes and its dynamics due to
location and thermal versus fast neutron rate. Our neutron flux analysis in the ATRC helps

to plan the ATR for its final performance.
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F1SSION OBSERVABLES FROM 3-D LANGEVIN EQUATION CALCULATED WITH
MICROSCOPIC TRANSPORT COEFFICIENTS

Mark Dennis Usang®, Fedir Ivanyuk?, Chikako Ishizuka!, Satoshi Chiba!

usang.m.aa@m.titech.ac.jp
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We summarize the progress made in 3-D Langevin calculations. We present the result of
fission observables in comparison to 3-D Langevin calculations with macroscopic transport
coefficients. These results include mass distributions, TKE distributions, TKE dependence
on excitation energy and systematic behaviour of these observables. We also include some
recent result on the contributions of pairing effects in microscopic transport coefficients on

3-D Langevin calculation.
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PARAMETER OPTIMIZATION AND UNCERTAINTY QUANTIFICATION FOR THE
FREYA CobDE
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jacksonvandyke@Ibl.gov

1UC Berkeley, USA
2Lawrence Livermore National Laboratory, USA

3Lawrence Berkeley National Laboratory, USA

As both a standalone fission event generator, and as an algorithm implemented in transport
simulations such as MCNP, it is important to assess the accuracy of the output with respect to
existing data, as well as quantify the appropriate uncertainty associated with the observables

of interest.

In particular, the set of parameters determining the nature of FREYA’s output, can be
tweaked to fit the data available in existing nuclear libraries, and the process of fitting these

parameters can help to determine the sensitivity, and reliability of the output.

In particular I have used different methods of annealed variance, and other stochastic min-
imization procedures to produce such a set of parameters. This process returns a robust
collection of statistics regarding both the optimization itself, and FREYA at large. This
process accurately, and efficiently determines the reliability of FREYA.
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RECENT RESULTS OF REVERSE ENGINEERING NUCLEAR MASSES FROM
SOLAR R-PROCESS ABUNDANCES AND THE CHALLENGES FACED IN THE
PRESENCE OF FISSIONING NUCLEI
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The astrophysical site(s) of the rapid neutron capture process (r-process) remains one of
the most challenging open problems in all of physics. Conclusive statements are difficult to
make due to a limited knowledge of nuclear physics far from stability. We describe recent
developments in the method of ‘reverse engineering’ nuclear properties using well established
observational data for the rare earth elements. This new theoretical framework is intended
to be used in combination with recent and future measurements to gain new insights into
the astrophysical site of the r-process. To do so we perform this procedure for a variety of
astrophysical environments in order to differentiate between the trends in the mass surface
required to fit the rare earth solar data. We present results for the most recent reverse
engineering mass predictions given the astrophysical trajectory of a hot, low entropy wind
and compare to the mass data for neutron rich neodymium isotopes recently measured at
the CPT at CARIBU. Since fission properties of nuclei far from stability are experimentally
unknown, neutron rich environments present challenges to the reverse engineering approach.
We describe these challenges and the impact of fission properties, such as fragment yield

distributions and fission rates, on the r-process abundance pattern.
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A FuLLy MICROSCOPIC APPROACH FOR THE DESCRIPTION OF THE FIs-
SION PROCESS
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Nearly 80 years after the discovery of nuclear fission, its theoretical understanding from the
basic constituents of the nucleus (protons and neutrons) and their interaction remains a

challenge.

In this work, a fully microscopic approach is considered. It consists of two steps. In the first
one, a set of static states is generated along two collective coordinates (mass elongation and
mass asymmetry) using the finite range Gogny interaction. Afterwards, the states are mixed
using the Time Dependent Generator Coordinate Method (TDGCM) without any approxi-
mation to obtain the time evolution of the nucleus during the fission process. The mass and
charge yields for the reactions #*U(nyy,, f) and #9Pu(ny,, f) are then estimated from this

time evolution.
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STEFF aT N.TOF

Tobias Wright, Gavin Smith, Paul Davies, James Ryan, Nikolay Sosnin, Stuart Warren,
Andrew McFarlane, Andrew Smith
tobias.wright@manchester.ac.uk
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Measurements at the neutron time-of-flight facility n_'TOF at CERN have been performed
with the Spectrometer for Exotic Fission Fragments, STEFF to investigate the properties
of neutron induced fission on #*°U. Within STEFF, a combination of timing and energy
detectors for the fission fragments and inorganic scintillators for the gamma-rays allow in-
formation to be found on fragment mass, energy and charge in parallel with average prompt
gamma-ray energies and multiplicities. The experiments were performed at n. TOF EAR2,
a vertical neutron beam line with a flight path of approximately 18 m and a neutron energy
range of meV - MeV. The performance of STEFF at n_ TOF is reported along with recent

developments and improvements.
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