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Project Summary 

The goal of the FIRE topical collaboration in nuclear theory is to determine the astrophysical conditions 

of the rapid neutron capture process (r-process), which is responsible for the formation of heavy 

elements. This will be achieved by including in r-process simulations the most advanced models of 

fission (spontaneous, neutron-induced, β-delayed) that have been developed at LLNL and LANL. The 

collaboration is composed of LLNL (lead) and LANL for fission work, BNL for nuclear data management, 

and the university of Notre Dame and North Carolina State University for r-process simulations. Under 

DOE/NNSA agreement, both universities receive funds from DOE Office of Science, while national 

laboratories receive funds directly from NA221. 

Progress this quarter 

Administrative 

• As of Oct. 10, 2019, the carry-over into FY20 is $45k. Funds have been added to subcontracts 

with ND and NCSU to continue work in the project. 

• Nearly all members of the FIRE collaboration attended and gave talks at the “International 

Workshop on Fission Product Yields” organized by LANL in Santa Fe, Sep. 30 – Oct. 4, 2019. The 

LANL existing pipeline for fission product yield evaluation is largely based on work performed 

within the FIRE collaboration. 

• LANL postdoc Marc Verrière accepted a staff position at LLNL to work on fission theory, 

computational nuclear structure and nuclear data evaluations. After Matt Mumpower, who was 

hired at LANL in 2017, this is the second FIRE-supported postdoc hired by a national laboratory. 

Science 

• ND-NCSU-LLNL-LANL 

In a joint effort led by N. Vassh (Notre Dame) and involving R. Surman (Notre Dame), M. 

Mumpower and M. Verrière (LANL), R. Vogt (LLNL) and G. McLaughlin (NCSU), r-process network 
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calculations were performed with fission fragment yields calculated across the chart of nuclides 

from the macroscopic-microscopic theory of the Finite Range Liquid Drop Model (FRLDM). This 

is the first time that such nucleosynthesis simulations use FPY coming from the explicit 

simulation of fission (within a macroscopic-microscopic nuclear structure framework 

complemented by random walk dynamics) rather than semi-empirical fits to data. Being rooted 

in a genuine physics model of fission, these predictions should have significantly more predictive 

power than before. In addition, with the fission rates and yields derived within the same 

theoretical framework, the results are the most consistent r-process calculations to date. The 

model predicts very wide fission fragment distributions for extreme neutron excess. The team 

showed that these wide distributions of neutron-rich nuclei, particularly the asymmetric yields 

for key species which fission at late-times in the r-process, can contribute significantly to the 

abundances of the lighter heavy elements, specifically the light precious metals such as 

palladium and silver. Since such asymmetric yields also deposit into the lanthanide region, the 

team considered the possible evidence for co-production by comparing their nucleosynthesis 

results directly with the trends in the elemental ratios of metal-poor stars rich in r-process 

material. They found that silver over europium, and palladium over europium, display mostly 

flat trends suggestive of co-production and compare to the lanthanum over europium trend 

which is often used to justify robustness arguments in the lanthanide region, see figure 1. They 

also found that such robustness arguments may be extendable down to palladium and heavier 

and demonstrate that fission deposition is a mechanism by which such a universality or 

robustness can be achieved. 

 

 

Figure 1 - The range (bands) and mass weighted average (lines) of the r-process abundances for the dynamical ejecta simulation 
conditions of Rosswog et al. with input fission fragment distributions given 50/50 splits (blue) as compared to FRLDM predictions 
(orange). Solar abundances and uncertainties (Arnould et al. 2007) as well as the r-process rich stars considered in Sneden et al. 
are shown for comparison. 

 



Fission in R-processes Elements LLNL-TR-793005 
 

• Graduate student Yonglin Zhu at North Carolina State has been studying the importance of 

fission as a source of heat that drives kilonova light curves. The kilonova light curve is the 

electromagnetic signal from the merger of two neutron stars and is thought to be powered by 

the radioactive decay of r-process elements. Yonglin has been investigating the fraction of 

heating that comes from various decay channels (see figure 2 below). In particular, since much 

of the nuclear input entering calculations of the r-process is as yet unmeasured, he has been 

looking at the spread of possibilities that comes from considering various models of nuclear 

masses, fission rates, and fission daughter product distributions. At times less than one day after 

the merger, the effective heating rate due to -decay contributes on average (=across models) 

more than half of the heating. However, the relative contribution of -decay falls off, and a 

combination of spontaneous fission and -decay takes over on a timescale of days. At around 

100 days, spontaneous fission dominates the heating for almost all nuclear inputs. 

 

  
Figure 2 - Fraction of effective heating rate (erg/s) vs time since the merger in days. In both figures, the shaded color regions 
show the spread of the fraction of effective heating rates from different reaction channels. The figures were generated with data 
from 8 calculations each using a different mass model. All the nucleosynthesis calculations use the same astrophysical trajectory 
with initial electron fraction Ye = 0.16. Wherever experimental fission data is not available, we have used symmetric fission 
yields (left panel) and Kodoma fission yields (right panel). Both panels use theoretical fission rates from Karpov et al 2012, where 
experimental rates are not available. The effective heating rates were calculated with analytical thermalization efficiencies as in 
Figure 9 from Barnes et al 2016. 

Outlook 

• The LLNL team is putting the finishing touches on a paper reporting the first systematic 

calculation of beta-decay rates across the entire mass table in a purely microscopic framework 

based on the charge-exchange QRPA theory. This work is performed by Evan Ney as part of this 

summer internships at LLNL and is a collaboration with UNC Chapel Hill and the NUCLEI SciDAC-4 

project. 

• A collaboration between LANL (T. Sprouse, M. Mumpower) and Notre Dame (R. Surman, N. 

Vassh) is finalizing work on a new capability to selectively follow the evolution of individual 

fission products during a full r-process network calculation. This will allow identifying isotopes of 

special interest in the process. 

• In analogy with the existing LANL capability, LLNL has begun leveraging FIRE-related work to put 

together an integrated pipeline for fission product yield calculations. It is based on slightly 
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different physics models from the LANL codes: it relies on density functional theory (code: 

DFTNESS) and the time-dependent generator coordinate method (code: FELIX) for fission 

fragment distributions, a statistical Weisskopf-Ewing framework for particle evaporation (code: 

FREYA). As a result, it is aimed at providing cross-validation of theoretical predictions. 
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