
FISSION	PROPERTIES	RELEVANT	FOR	GW170817

Nicole	Vassh,	University	of	Notre	Dame
for

Matthew	Mumpower
Los	Alamos	National	Laboratory

Nuclei	in	the	Cosmos	2018
29	June	2018

FISSION PROPERTIES RELEVANT FOR GW170817FISSION PROPERTIES RELEVANT FOR GW170817

    LA-UR-18-XXXXX

Nicole Vassh

MATTHEW MUMPOWERMATTHEW MUMPOWER
Los Alamos National Lab

NIC2018

Friday June 29  2018

  
FIRE Collaboration  

Fission In R-process Elements



Much	like	supernova	light	curves	are	
powered	by	the	decay	chain	of		56Ni,	

kilonovae are	also	powered	by	
radioactive	decays

The	kilonova observed	following	
GW170817	suggested	the	production	

r-process	material	(lanthanides)

Is	there	a	clear	signature	from	the	
heaviest,	fissioningnuclei	(actinides)?

GW170817	and	NSM	production	of	r-process	nuclei	



GW170817	and	NSM	production	of	r-process	nuclei	

Much	like	supernova	light	curves	are	
powered	by	the	decay	chain	of		56Ni,	

kilonovae are	also	powered	by	
radioactive	decays

The	kilonova observed	following	
GW170817	suggested	the	production	

r-process	material	(lanthanides)

Is	there	a	clear	signature	from	the	
heaviest,	fissioningnuclei	(actinides)?

(See	also:	Baade	et	al.	1956;	Huizenga	et	al.	1957;	Anders	et	al.	1958…)	



254Cf	feeding	in	NSM	environments
Californium-254 and kilonova light curves 3

Figure 1. Population of 254Cf. Left: abundances of nuclei at t = 0.02 days. The �-decay path into 254Cf and the potential
↵-decay from 258Fm are shown. Nuclei that undergo spontaneous fission at this time are indicated by hatched boxes. The region
to the left of the black line represents the limit of experimentally-studied nuclei. Right: the total abundance of the A = 254
�-decay chain feeding into 254Cf over time. The 254Cf nucleus is populated only by �-decay and any possible ↵-decay chains
are blocked by the spontaneous fission of 258Fm.

perimental data. For 254Cf(sf), fission fragment yields
Y (A,Z) in both mass A and charge Z are used in order
to produce the most accurate estimate of the energy re-
lease. Our hybrid method is based on experimental data
for the well-measured reaction 252Cf(sf) and calculations
for neutron-induced fission of 251,253Cf. The available
mass yields Y (A) data of Budtz-Jørgensen & Knitter
(1988); Hambsch & Oberstedt (1997); Zeynalov et al.
(2009); Göök et al. (2014) are fit with the three-Gaussian
parameterization using a global least-squares fit as done
previously by Ja↵ke et al. (2018). We then calculate
Y (A) for the 251,253Cf(n,f) reactions using the semi-
classical method of Randrup & Möller (2011). Next,
we determine the ratio of the fitted Y (A) for 252Cf(sf)
over the calculated 251Cf(n,f) at each A value. This ra-
tio is multiplied by the calculated Y (A) for 253Cf(n,f)
to produce our estimate for the Y (A) of 254Cf(sf) shown
in the top panel of Fig. 2.
To determine Y (A,Z) we apply a charge distribution

systematics Y (Z|A) with Y (A,Z) = Y (A) ⇥ Y (Z|A),
where

Y (Z|A) =
exp[�[Z � Zp(A)]2/2�2

Z ]p
2⇡�2

Z

(1)

and the most probable charge Zp(A) is given by the
unchanged charge distribution via Wahl (1988) with a
charge polarization from 252Cf(sf) data of Naik et al.
(1997). The width of the charge distribution is �Z =
0.58, in agreement with Naik et al. (1997). With Eq. 1
and the hybrid Y (A) for 254Cf(sf), we calculate the spon-

Figure 2. Upper panel: primary fission fragment yield of
254Cf(sf) calculated in the hybrid approach (see text). The
experimental primary mass yield for 252Cf(sf) from Göök
et al. (2014) and the sparse data on 254Cf(sf) from Brandt
et al. (1963) are shown for reference. Bottom panel: the
two-dimensional fragment yield of 254Cf(sf), with our charge
distribution systematics. Stable nuclei are shaded black with
the extent of FRDM2012 outlined in light gray.

taneous fission fragment yields Y (A,Z) shown in the
lower panel of Fig. 2.

Zhu,	Wollaeger,	Vassh,	Surman,	Sprouse,	Mumpower,	Möller,	McLaughlin,	Korobkin,	 Kawano,	Jaffke,	Holmbeck,	
Fryer,	Even,	Couture,	Barnes,	submitted	2018	(arXiv:1806.09724)



254Cf	and	effective	heating	

The	spontaneous	fission	of	254Cf	is	a	
primary	contributor	to	nuclear	heating	at	

late	epochs
(See	also:	Wanajo et	al.	2014)	

Zhu,	Wollaeger,	Vassh,	Surman,	Sprouse,	Mumpower,	Möller,	McLaughlin,	Korobkin,	 Kawano,	Jaffke,	Holmbeck,	
Fryer,	Even,	Couture,	Barnes,	submitted	2018	(arXiv:1806.09724)



254Cf	calculated	
yields

Zhu,	Wollaeger,	Vassh,	Surman,	Sprouse,	Mumpower,	
Möller,	McLaughlin,	 Korobkin,	Kawano,	Jaffke,	
Holmbeck,	Fryer,	Even,	Couture,	Barnes,	submitted	2018
(arXiv:1806.09724);	 	Jaffke et	al.	in	prep.

The	half-life	of	254Cf is	known	(60	days)	
but	its	yield	distribution	is	not



Observational	impact	

Both	near- and	middle- IR	are	impacted	by	the	fission	of	254Cf

JWST	may	be	able	to	detect	future	kilonovaeout	to	250	days	if	actinides	are	produced	in	the	event

Zhu,	Wollaeger,	Vassh,	Surman,	Sprouse,	Mumpower,	Möller,	McLaughlin,	Korobkin,	 Kawano,	Jaffke,	Holmbeck,	
Fryer,	Even,	Couture,	Barnes,	submitted	2018	(arXiv:1806.09724)



Fission	and	r-process	abundances

Movie	by	
N.	Vassh



FRLDM	estimated	barrier	heights

Möller et	al	PRC	91	024310	(2015)



Neutron-induced	fission	rates

Kawano	et	al.	PRC	94	014612	(2016),	Mumpower et	al.	in	prep

Uses	LANL	statistical	Hauser-Feshbach code	and	FRLDM	barriers



Mumpower et	al.	PRC	94	064317	(2016)

Motivation: We	want	to	describe	the	neutron,	g,	and	fission	
competition	during	de-excitation	

We	combine	both	Quasi-particle	Random	Phase	Approximation	(QRPA)	
and	Hauser-Feshbach (HF)	theory	

This	will	allow	for	the	calculation	of	ground	state	production	
probabilities,	particle	multiplicity,	and	particle	spectra	

To	do	this	we	make	use	of	the	Bohr	independence	hypothesis	of	
compound	nucleus	formation	

b-delayed	neutron	emission	and	fission	



Combining	QRPA	+	HF

Mumpower et	al.	PRC	94	064317	(2016)

Initial	population	from	the	b-decay	strength	function	from	P.	Möller’s QRPA
Follow	the	statistical	decay	until	all	excitation	energy	is	exhausted



QRPA	+	HF	extension	to	bdf

Extend	the	model	to	describe	b-delayed	fission	(bdf)
Simplification:	one	dimensional	barrier	penetration

Hill-Wheeler	form	for	fission	transmission
Mumpower,	 Kawano,	Sprouse,	 Vassh,	Holmbeck,	Surman,	Möller arXiv:1802.04398	(2018)



Multi-chance	bdf

Near	the	dripline	Qb increases,	Sn decreases
Multi-chance	bdf:	each	daughter	may	fission

The	yields	in	this	decay	mode	are	a	convolution	of	many	fission	yields!
Mumpower,	 Kawano,	Sprouse,	 Vassh,	Holmbeck,	Surman,	Möller arXiv:1802.04398	(2018)



Cumulative	bdf probability

bdf occupies	a	large	amount	of	real	estate	
in	the	NZ-plane

(Multi-chance	bdf outlined	in	black)

Thielemann,	Metzinger,	and	Klapdor (1983)

Mumpower,	 Kawano,	Sprouse,	 Vassh,	Holmbeck,	Surman,	Möller arXiv:1802.04398	(2018)



Application	to	
r	process	in	NSM	ejecta
previous	calculations	with	Z<100	identified	possibility	
to	circumvent	region	with	bdf probability	~100%	
(Petermann et	al	2012)

bdf alone	can	prevent	the	production	
of	superheavy elements	in	nature

Mumpower,	 Kawano,	Sprouse,	 Vassh,	Holmbeck,	Surman,	Möller arXiv:1802.04398	(2018)



Multi-chance	bdf
in	the	r	process	

Multi-chance	bdf contributes	
at	both	early	and	late	times	in	
neutron	star	merger	ejecta	

conditions

Mumpower,	 Kawano,	Sprouse,	 Vassh,	Holmbeck,	Surman,	Möller arXiv:1802.04398	(2018)



bdf Impact	on	final	abundances

Network	calculation	of	neutron	star	merger	ejecta	with	FRDM2012	inputs
bdf can	shape	the	final	pattern	near	the	A =	130	peak

Mumpower,	 Kawano,	Sprouse,	 Vassh,	Holmbeck,	Surman,	Möller arXiv:1802.04398	(2018)



SUMMARYSUMMARY
LANL has made recent progress in describing

neutron-induced fission • -delayed fission • fission yields

These properties substantially influence nucleosynthetic yields

The production of Cf is important for late-time kilonova
observations and is tied to the morphology of the ejecta

FRLDM yields COMING SOON!

Results at MatthewMumpower.com
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Neutron-induced	vs	b-delayed	fission

bdf overtakes	(n,f)	during	the	decay	back	to	stability
High	thermalization efficiency	and	large	Q-value	à influential	for	early-

epoch	nuclear	heating

Mumpower,	 Kawano,	Sprouse,	 Vassh,	Holmbeck,	Surman,	Möller arXiv:1802.04398	(2018)


