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Astrophysical motivation

Electron capture in Core-collapse supernova Heavy-element nucleosynthesis: The r-process Summary

Electron capture supernova

Low mass stars (∼ 9 M�) develop an ONeMg core during the evolution
that becomes unstable due to electron captures.

Particularly important is electron capture on 20Ne. The rate is basically
known experimentally except for an unknown second-forbidden
ground-state ground-state transition.
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What is the ultimate fate of medium-mass stars?

Figure 1.1: Schematic overview of stellar evolution, depending on the initial stellar mass. Low-mass stars (® 7 M�)
ultimately evolve into CO WDs and massive stars (¦ 11 M�) end their live in a CCSN and become NSs
or BHs. Intermediate-mass stars (between 7 and 11 M�) proceed through carbon burning but fail to
ignite the subsequent neon burning stage in their core. They are thought to either become ONe WDs,
explode as electron-capture supernova (ECSN) or get destroyed in a thermonuclear explosion due to
the oxygen deflagration initiated at the onset of core-collapse. Another path towards the formation of
a NS is the accretion-induced collapse (AIC) of ONe WDs.

fuel burns in concentric shells around the core. Due to silicon shell burning, the stellar core will grow
and ultimately exceed Mch.

Consequently, the star will collapse to nuclear densities and explode as iron-core-collapse supernova
(FeCCSN), giving birth to a NS or a BH. This is thought to be the standard evolutionary path for massive
stars as indicated by the lower track in Figure 1.1. Low-mass stars, lighter than 7 M�, are not massive
enough to form an iron core and will lose their outer layers, mainly driven by stellar mass-loss during the
asymptotic giant branch phase (AGB), before the core reaches Mch and end up typically as carbon-oxygen
WDs. This is indicated by the upper track in Figure 1.1. However, the fate of stars in the transition region
between 7 and 11 M� is less clear. These intermediate-mass stars proceed through carbon burning
but fail to ignite the subsequent neon-burning stage, implying that they are mainly composed of the
carbon burning products oxygen and neon. They are usually referred to as super-asymptotic-giant-
branch stars (SAGB) and can either become ONe WDs, explode as electron-capture supernovae (ECSNe)
or get destroyed in a thermonuclear explosion due to the oxygen deflagration initiated at the onset of
gravitational collapse (see middle track in Figure 1.1). ECSNe are a subtype of CCSNe, which in contrast
to FeCCSNe, are not triggered by silicon shell burning, but rather by deleptonizing electron capture (EC)
reactions mainly on 20Ne in the dense core that decrease Mch until collapse ensues:

(A, Z) + e−→ (A, Z − 1) + νe. (1.2)

It has been speculated that SN 1054, which formed the Crab nebula, had a progenitor star in the range
of 8 to 11 M� (Nomoto et al., 1982; Kitaura et al., 2006).

1.1 Stellar Evolution in a Nutshell 11

Image credit: H. Möller
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Electron-capture supernovae (EC-SN)

A dim core-collapse supernova

Low explosion energy
(1050 erg vs. 1051 erg)

Low 56Ni yield
(1–3× 10−3M� vs. 5× 10−2M�)

Could accout for 4–30% of all supernovae in
the local universe

May have created the Crab Nebula
Tominaga et al. ApJ 771:L12 (2013)

Could make a significant contribution to
Galactic chemical evolution

Efficient producers of 60Fe
Wanajo et al. ApJ 774:L6 (2013)

The Crab nebula

Remnant of supernova
observed in 1054.
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The role of EC reactions

Fermi energy: EF ∝ ρ1/3
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Figure 1: Schematic illustration of the mass parabola for an isobaric chain of nuclei. The left side shows
odd-A nuclei, the right side even-A nuclei. The most stable nucleus is situated in the apex of the parabola.
The binding energy levels get shifted due to the paring of nucleons. Under the right conditions, which can
occur in stars, this leads to Urca cooling for odd-A nuclei and a heating effect for even-A nuclei.

electron Fermi energy becomes large enough to produce a capture on the even-even nucleus, it is
followed immediately by a second capture on the odd-odd nucleus (see Figure 1):

(A,Z) + e−→ (A,Z−1) + νe, (2.3)

(A,Z−1) + e−→ (A,Z−2) + νe. (2.4)

For the second step in this chain, the electron Fermi energy Ef is much higher than the capture
threshold. As a consequence, the even-even nucleus is produced in a highly excited state that
decays by gamma emission releasing energy that is transformed into heat in the star.

In general, the Urca cycle on odd-A chains operates for a certain time period before EC on
even-A chains set in. As even-even nuclei are more abundant in the stellar core than odd-A nuclei,
once EC on even-A nuclei are present, there is a net source of heating that contributes to raising
the temperature in the star.

As the electrons in the star can be described as a relativistic fermi gas, E f follows a simple
density dependence: E f ∝ ρ1/3. Once E f is on the same order than the mass difference between two
neighboring isobars, EC reactions occur. Reaching densities of 1− 3× 109 g cm−3, Urca cooling
involving odd-A sd-shell nuclei starts to take place in the star (e.g. 23Na, 25Mg, 27Al). With further
increasing density, also EC on even-A sd-shell nuclei start to occur and increase the temperature in
the core of the star. In the beginning, 24Mg is converted into 24Ne and later is followed by capture on
20Ne that can produce considerable amounts of 20O via the reaction chain 20Ne(e−, ν)20F(e−, ν)20O,
before reaching Neon burning temperatures. The EC rates of 20Ne have been recently reevaluated
by Martínez-Pinedo et al. [9], where the authors have developed an analytic formalism that allows
for a accurate description of the strong dependence in density and temperature of the stellar rates.
They have also pointed out the important role that a second-forbidden transition between the ground
states of 20Ne and 20F plays at conditions below 0.9 GK and densities between 1−2×109 g cm−3.
These transitions can result in a rate that is by several orders of magnitudes larger than the previ-
ously used rate in stellar evolution calculations [10] (c.f. A. Idini’s contribution to the NIC XIII

3

Möller et al. PoS(NIC XIII)125 (2014)
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The EC rate on 20Ne

Electron capture in Core-collapse supernova Heavy-element nucleosynthesis: The r-process Summary

Electron capture supernova

Low mass stars (∼ 9 M�) develop an ONeMg core during the evolution
that becomes unstable due to electron captures.

Particularly important is electron capture on 20Ne. The rate is basically
known experimentally except for an unknown second-forbidden
ground-state ground-state transition.
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The importance of the 0+ → 2+ transition

Evolution of ONeMg cores 1919

Figure 10. The fiducial model evolved with different values of Ṁ . The
central density at which the A = 20 captures occur depends weakly on
the accretion rate. At Ṁ = 10−8M� yr−1 the central temperature remains
low enough that the 24Mg and 24Na captures occur at two separate crit-
ical densities. The dependence of the oxygen ignition density on Ṁ is
weak.

Figure 11. An illustration that the oxygen ignition density is independent of
the initial central temperature. The models begin with log10ρc ≈ 9.55, before
the A = 24 e-captures. The grey dashed lines show when tcapture = tcompress

for 24Mg and the models show the expected temperature dependence for
the A = 24 captures. However, by the time the A = 20 captures occur, the
temperature differences have been erased by neutrino cooling and compres-
sional heating, and thus there is little effect on the density at which oxygen
ignition occurs.

Figure 12. The effect of the second forbidden transition from the 0+ ground
state of 20Ne to the 2+ ground state of 20F. The dotted, dashed, and dash–
dotted lines show where the time-scale for 20Ne captures is equal to the
fiducial compression time-scale (104 yr) for different values of the matrix
element (see plot legend). The solid lines of matching colour show the
evolution of the fiducial MESA model using these rates. While the onset
of 20Ne captures shifts significantly if the 0+ → 2+ transition is at the
experimental upper limit, the shift in the density at which oxygen ignition
occurs is substantially smaller.

experimental upper limit. They show that this transition can poten-
tially dominate the rate for temperatures less than 9 × 108 K.7

This transition can affect the critical density at which 20Ne cap-
tures begin. The broken lines in Fig. 12 shows the critical curves
for 20Ne capture obtained by setting the capture rate equal to the
fiducial compression rate, corresponding to Ṁ = 10−6 M� yr−1.
With the matrix element at the current experimental upper limit, the
onset of captures is shifted to lower density (0.15 dex in log10ρ).
At a value a factor of 103 below the upper limit, the shift is very
approximately halved (depending on the temperature). At a value a
factor of 106 below the upper limit, the transition ceases to have a
substantial effect.

The solid lines in Fig. 12 show the evolution of our fiducial model
with each of these different choices for the strength of this transition.
While the choice substantially affects the onset of 20Ne captures, it
has a less significant effect on the density for oxygen ignition. Un-
like the other transitions, which reach the critical capture time-scale
while they are subthreshold, this transition is superthreshold. Cor-
respondingly, the electron capture rate is less temperature sensitive.
Its less rapid increase, coupled with the compression time-scale
dropping due to the decrease in Ye, gives time for the core density
to increase before the onset of oxygen ignition.

7 The results of both Martı́nez-Pinedo et al. (2014) and of this work are
obtained by treating the phase space factor of this second forbidden tran-
sition as that of an allowed transition. As discussed by Martı́nez-Pinedo
et al. (2014), the true shape factor could contain additional powers of the
energy, which would further increase the rate, and can potentially offset the
possibility that the matrix element is below the current experimental upper
limit.

MNRAS 453, 1910–1927 (2015)

 at A
arhus U

niversitet / Statsbiblioteket on Septem
ber 30, 2015

http://m
nras.oxfordjournals.org/

D
ow

nloaded from
 

Schwab et al. MNRAS 453, 19101927 (2015)

Oliver S. Kirsebom (Aarhus University) Observation of the ground-state transition in the β decay of 20F 24.5.2018 7 / 22

https://academic.oup.com/mnras/article-abstract/453/2/1910/1153861?redirectedFrom=PDF


The importance of the 0+ → 2+ transition

Evolution of ONeMg cores 1919

Figure 10. The fiducial model evolved with different values of Ṁ . The
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sional heating, and thus there is little effect on the density at which oxygen
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experimental upper limit, the shift in the density at which oxygen ignition
occurs is substantially smaller.
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Energy release from electron
captures on 20Ne ignites oxygen

An oxygen deflagration wave
propagates outwards

Energy release from the wave
competes against energy loss
from electron captures on ashes

3D hydrodynamical simulations:
Jones et al. A&A 593, A72 (2016)

log10 ρc = 9.95 ⇒ wave ejects portion
of the core and leaves behind a ONeFe
white dwarf

log10 ρc = 10.3 ⇒ wave stalls and core

collapses to a neutron star
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central density at which the A = 20 captures occur depends weakly on
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experimental upper limit, the shift in the density at which oxygen ignition
occurs is substantially smaller.
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tially dominate the rate for temperatures less than 9 × 108 K.7

This transition can affect the critical density at which 20Ne cap-
tures begin. The broken lines in Fig. 12 shows the critical curves
for 20Ne capture obtained by setting the capture rate equal to the
fiducial compression rate, corresponding to Ṁ = 10−6 M� yr−1.
With the matrix element at the current experimental upper limit, the
onset of captures is shifted to lower density (0.15 dex in log10ρ).
At a value a factor of 103 below the upper limit, the shift is very
approximately halved (depending on the temperature). At a value a
factor of 106 below the upper limit, the transition ceases to have a
substantial effect.

The solid lines in Fig. 12 show the evolution of our fiducial model
with each of these different choices for the strength of this transition.
While the choice substantially affects the onset of 20Ne captures, it
has a less significant effect on the density for oxygen ignition. Un-
like the other transitions, which reach the critical capture time-scale
while they are subthreshold, this transition is superthreshold. Cor-
respondingly, the electron capture rate is less temperature sensitive.
Its less rapid increase, coupled with the compression time-scale
dropping due to the decrease in Ye, gives time for the core density
to increase before the onset of oxygen ignition.

7 The results of both Martı́nez-Pinedo et al. (2014) and of this work are
obtained by treating the phase space factor of this second forbidden tran-
sition as that of an allowed transition. As discussed by Martı́nez-Pinedo
et al. (2014), the true shape factor could contain additional powers of the
energy, which would further increase the rate, and can potentially offset the
possibility that the matrix element is below the current experimental upper
limit.
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Energy release from electron
captures on 20Ne ignites oxygen

An oxygen deflagration wave
propagates outwards

Energy release from the wave
competes against energy loss
from electron captures on ashes

3D hydrodynamical simulations:
Jones et al. A&A 593, A72 (2016)

log10 ρc = 9.95 ⇒ wave ejects portion
of the core and leaves behind a ONeFe
white dwarf

log10 ρc = 10.3 ⇒ wave stalls and core

collapses to a neutron star
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Shell-model calculations

Calculations of 2nd forbidden, unique transitions in the sd shell are
accurate within a factor of two or better.

Mart́ınez-Pinedo and Vogel, PRL 81, 281 (1998)

But what about non-unique transitions?

For the 2nd forbidden, non-unique 2+ → 0+ transition in the β decay
of 20F two groups obtain rather different results:

b.r. = 1.3× 10−5

Idini et al. PoS(NIC XIII)002 (2014)

b.r. = 0.53× 10−5

Suhonen, private communication
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How do we detect the 2+ → 0+ transition?
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The measurement of Calaprice and Alburger

Reaction: 19F(d , p)20F at Ed = 2.5 MeV

Targets: CaF2 and BaF2 (1 mg/cm2)

Result: b.r. < 1× 10−5

Calaprice and Alburger, PRC 17 (1978) 730INTERMEDIATE-IMAGE PAIR SPECTROMETER 993 
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FIG. 1. Schematic diagram of the iron-free intermediate-image statistical-separation pair spectrometer drawn to scale. 

lathe. For reasons of symmetry an accurate spiral was 
established on the innermost turn of each layer by 
placing a tapered plastic strip around the demountable 
cylindrical winding form. This assured a uniform 
increase of radius amounting to one thickness of the 
conductor in the first turn and hence an accurate spiral 
for the entire layer. The crossover from one layer to the 
other at the hub was made by a gradual axial offset of 
the copper over a distance of 6 in. Insulation between 
turns was provided by # 27 glass Scotch tape of ! in. 
width stuck to each broad side of the conductor prior 
to winding. In the winding process a tension was placed 
on the conductor as it was fed into place and wooden 
mallets were used to tap the material flat against the 
table of the lathe. The one or two joints in each section 
were made by machining out the inside of the conductor, 
inserting a copper sleeve and silver soldering the two 
ends together over the sleeve. Insulation between the 
two layers of each section and between sections consists 
of 31M-in. thick fish paper. 

In addition to making the conductor follow an ac
curate spiral several other precautions were taken in 
order to assure the best possible axial symmetry of the 
magnetic field. The mounting hubs were machined so 
that the coil sections fit onto the hub with small toler
ances. Also the 6-in. crossover between the layers of a 
given section was located at a different angle with re
spect to the hub for each of the six sections comprising 
one of the main coil units. This was intended to mini
mize any possible asymmetries resulting from the cross
over. Finally, the ends of the coils were bent out radially 
and arranged in such a way that the outlet lead of one 
section was immediately adjacent to the inlet lead of the 
next section. The leads were then joined with a coupler 
which serves as both an electrical connection and as a 
common water inlet or outlet tube. This arrangement 
to a large extent cancels magnetic field components 
resulting from radial current flow. A heavy cable con
necting the two main units in series extends radially and 

then axially so as to reduce its contribution to the field 
in the vicinity of the vacuum chamber. Cables from the 
generator are brought in radially and connected to the 
outer ends of the two main coil units. The twelve 
sections making up the two units contain a total of 444 
turns connected electrically in series, the total weight 
of copper being close to 2000 pounds. Water connections 
on the other hand are in parallel, the various coupler 
tubes being attached to inlet and outlet water manifolds 
through i-in. i.d. tygon hose. To minimize the problem 
of condensation the coil units were provided with alu
minum covers except in the vicinity of the connecting 
leads where foam rubber is fitted in place so as to keep 
moist air away from the coils. 

The mutual alignment of two coils and a vacuum 
chamber requires eight degrees of freedom. In the 
present spectrometer each coil can rotate about two 
axes. To a good approximation rotation about a 
horizontal axis lying in the plane of the coil may be 
accomplished by raising and lowering with respect to 
the base plate one of the end supporting plates holding 
the hub. This may be done by means of two bolts 
screwed into a movable foot. Rotation about a vertical 
axis lying in the plane of the coil requires only that the 
end supporting plates holding the coil unit can slide on 
the base plate. Four threaded brass rods connecting 
the two coil units may serve the purpose of rotating one 
of the coils if the other is held fixed with respect to the 
base plate using clamps. The rods are also useful for 
translating the coils along the base plate but their main 
purpose is to brace the coils and eliminate the possibility 
of their moving when the magnetic field is on. When 
each coil is given the above two degrees of freedom it is 
evident that their mechanical andlor magnetic axes can 
be made to coincide and that is possible to do even 
though no provision is made for translation perpendicu
lar to the axis. The remaining four degrees of freedom 
are necessary to allow the vacuum chamber mechanical 
axis to coincide with the common magnetic axis, i.e., 

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitationnew.aip.org/termsconditions.
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Background suppression
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Visit to the Pyhäsalmi mine

The Pyhäsalmi mine

Copper and zinc mine located in central Finland

Owned by First Quantum Minerals
(Canadian mining corporation)

Depth: 1,444 metres (4,738 feet)
(second deepest metal mine in Europe)

Home of the worlds deepest sauna

The underground laboratory (Callio lab)

4,000 m.w.e.

Muon fluxes:

Surface: 180 m−2 s−1

Lab: 10 m−2 day−1

Jalas et al. J. Phys.: Conf. Ser. 888 (2017) 012156
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Oliver S. Kirsebom (Aarhus University) Observation of the ground-state transition in the β decay of 20F 24.5.2018 15 / 22



Visit to the Pyhäsalmi mine
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Visit to the Pyhäsalmi mine
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20F beam production at IGISOL-4

IGISOL technique
(Ion Guide Isotope Separator On-Line)

J. Ärje, J. Äystö et al. PRL 54 (1985) 99

Reaction: 19F(d , p)20F

52 µm Ta degrader ⇒ Beam energy
reduced from 9 MeV to 6 MeV

Target: 1.2 mg/cm2 BaF on
0.6 mg/cm2 W backing

Recoils stopped in He gas

Charge-exchange reactions
⇒ good fraction of 1+ ions

Dipole magnet selects A/q = 20
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Measured β energy spectra
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Long-duration measurement at Ĩ = 67.7%
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Detection of the 2+ → 0+ transition
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Strongest 2nd-forbidden, non-unique
transition ever observed!
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Summary

The final fate of medium-mass stars is highly uncertain

Do they explode as EC-SN and if so,

how frequent are they and what are their observational properties?

what is the explosion mechanism (implosion/explosion) and which
compact object (if any) is produced? (WD, NS, . . . )

what is their contribution to Galactic chemical evolution?

Accurate knowledge of the electron capture on 20Ne is critical to
answer these questions.

The 2nd-forbidden, non-unique ground-state transition has been
measured. It is found to be VERY strong and increases the capture
rate by several orders of magnitude.

Efforts are underway to explore the astrophysical implications.
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First detetion of the 2+ → 0+ ground-state transition in the β deay of
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Abstrat

We report the �rst detetion of the seond-forbidden, non-unique, 2+ → 0+, ground-state transition in the β deay

of

20
F. A low-energy, mass-separated

20F beam produed at the IGISOL faility in Jyväskylä, Finland, was implanted

in a thin arbon foil and the β spetrum measured using a magneti transporter and a plasti-sintillator detetor. The

branhing ratio inferred from the observed β yield is [1.10± 0.21(stat)± 0.17(sys)
+0.00
−0.11(theo)] × 10−5

orresponding to

log ft = 10.47(11), making this the strongest known seond-forbidden, non-unique transition. The experimental result

is supported by shell-model alulations and has important astrophysial impliations.

Keywords:

20
F, β deay, seond-forbidden, non-unique

1. Introdution

Seond-forbidden, non-unique β transitions (∆J = 2,
∆π = no) typially have very small branhing ratios mak-

ing experimental detetion rather hallenging. Only around

27 suh transitions have been observed [1℄. Measurements

of the rates and shapes of forbidden β transitions provide

insights into nulear struture and sometimes also into as-

trophysial proesses. Reent studies have highlighted the

importane of the seond-forbidden, non-unique, eletron-

apture transition from the 0+ ground state of

20
Ne to the

2+ ground state of

20
F for the �nal evolution of Super-

AGB stars [2, 3, 4℄. The strength of the transition is, how-

ever, not well onstrained, neither experimentally nor the-

oretially, making an experimental determination highly

desirable. The strength may be determined from the branh-

ing ratio of the inverse 2+ → 0+ transition in the β deay

of

20
F (Fig. 1), but this transition is not easily deteted

as it is masked by the muh faster, allowed, 2+ → 2+

transition to the �rst-exited state in

20
Ne. Indeed, previ-

ous attempts to detet the 2+ → 0+ transition have been

unsuessful [7, 8, 9, 10℄ yielding a rough upper limit of

∼ 10−5
on the branhing ratio [10℄. The β-deay end-

point energies for the ground-state and �rst-exited state

∗
Corresponding author: oliskir�phys.au.dk

∗∗
Present address: Aalto University, P.O. Box 11000, FI-00076

Aalto, Finland

transitions are 7.025 MeV and 5.391 MeV, respetively [5℄,

leaving a rather narrow energy window for the detetion

of the ground-state transition.

1

In this Letter, we report

1

The endpoint energies are known to sub-keV preision [5, 11℄.

t1/2 = 11.163(8) s

β

1 .1 (3 ) × 10−5

0 .999907

8 .2 (6 ) × 10−5

< 1 .5 × 10−6

< 7 × 10−7

20
10Ne

0.0 0+

1.634 2+

4.967 2−

5.621 3−
5.788 1−

20
9 F

7.025 2+

Figure 1:

20
F β-deay sheme [5, 6℄ inluding the newly observed

ground-state transition. The bold arrow indiates the γ-ray transi-

tion used for absolute normalisation. Energies are in MeV relative

to the

20
Ne ground state.
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